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Foreword 


The present book is meant as a text for a course on complex analysis at 
the advanced undergraduate level, or first-year graduate level. The first 
half, more or less, can be used for a one-semester course addressed to 
undergraduates. The second half can be used for a second semester, at 
either level. Somewhat more material has been included than can be 
covered at leisure in one or two terms, to give opportunities for the 
instructor to exercise individual taste, and to lead the course in whatever 
directions strikes the instructor’s fancy at the time as well as extra read- 
ing material for students on their own. A large number of routine exer- 
cises are included for the more standard portions, and a few harder 
exercises of striking theoretical interest are also included, but may be 
omitted in courses addressed to less advanced students. 

In some sense, I think the classical German prewar texts were the 
best (Hurwitz—Courant, Knopp, Bieberbach, etc.) and I would recommend 
to anyone to look through them. More recent texts have emphasized 
connections with real analysis, which is important, but at the cost of 
exhibiting succinctly and clearly what is peculiar about complex analysis: 
the power series expansion, the uniqueness of analytic continuation, and 
the calculus of residues. The systematic elementary development of for- 
mal and convergent power series was standard fare in the German texts, 
but only Cartan, in the more recent books, includes this material, which 
I think is quite essential, e.g., for differential equations. I have written a 
short text, exhibiting these features, making it applicable to a wide vari- 
ety of tastes. 

The book essentially decomposes into two parts. 

The first part, Chapters I through VIII, includes the basic properties 
of analytic functions, essentially what cannot be left out of, say, a one- 
semester course. 
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I have no fixed idea about the manner in which Cauchy’s theorem is 
to be treated. In less advanced classes, or if time 1s lacking, the usual 
hand waving about simple closed curves and interiors is not entirely 
inappropriate. Perhaps better would be to state precisely the homologi- 
cal version and omit the formal proof. For those who want a more 
thorough understanding, I include the relevant material. 

Artin originally had the idea of basing the homology needed for com- 
plex variables on the winding number. I have included his proof for 
Cauchy’s theorem, extracting, however, a purely topological lemma of 
independent interest, not made explicit in Artin’s original Notre Dame 
notes [Ar 65] or in Ahlfors’ book closely following Artin [Ah 66]. I 
have also included the more recent proof by Dixon, which uses the 
winding number, but replaces the topological lemma by greater use of 
elementary properties of analytic functions which can be derived directly 
from the local theorem. The two aspects, homotopy and homology, both 
enter in an essential fashion for different applications of analytic func- 
tions, and neither is slighted at the expense of the other. 

Most expositions usually include some of the global geometric proper- 
ties of analytic maps at an early stage. I chose to make the preliminaries 
on complex functions as short as possible to get quickly into the analytic 
part of complex function theory: power series expansions and Cauchy’s 
theorem. The advantages of doing this, reaching the heart of the subject 
rapidly, are obvious. The cost is that certain elementary global geometric 
considerations are thus omitted from Chapter I, for instance, to reappear 
later in connection with analytic isomorphisms (Conformal Mappings, 
Chapter VII) and potential theory (Harmonic Functions, Chapter VIII). 
I think it is best for the coherence of the book to have covered in one 
sweep the basic analytic material before dealing with these more geomet- 
ric global topics. Since the proof of the general Riemann mapping theo- 
rem is somewhat more difficult than the study of the specific cases con- 
sidered in Chapter VII, it has been postponed to the second part. 

The second and third parts of the book, Chapters IX through XVI, 
deal with further assorted analytic aspects of functions in many direc- 
tions, which may lead to many other branches of analysis. I have em- 
phasized the possibility of defining analytic functions by an integral in- 
volving a parameter and differentiating under the integral sign. Some 
classical functions are given to work out as exercises, but the gamma 
function is worked out in detail in the text, as a prototype. 

The chapters in Part II allow considerable flexibility in the order they 
are covered. For instance, the chapter on analytic continuation, including 
the Schwarz reflection principle, and/or the proof of the Riemann map- 
ping theorem could be done right after Chapter VII, and still achieve 
great coherence. 

As most of this part is somewhat harder than the first part, it can easily 
be omitted from a one-term course addressed to undergraduates. In the 
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same spirit, some of the harder exercises in the first part have been 
starred, to make their omission easy. 


Comments on the Third and Fourth Editions 


I have rewritten some sections and have added a number of exercises. I 
have added some material on harmonic functions and conformal maps, on 
the Borel theorem and Borel’s proof of Picard’s theorem, as well as D.J. 
Newman’s short proof of the prime number theorem, which illustrates 
many aspects of complex analysis in a classical setting. I have made more 
complete the treatment of the gamma and zeta functions. I have also 
added an Appendix which covers some topics which I find sufficiently 
important to have in the book. The first part of the Appendix recalls 
summation by parts and its application to uniform convergence. The 
others cover material which is not usually included in standard texts on 
complex analysis: difference equations, analytic differential equations, fixed 
points of fractional linear maps (of importance in dynamical systems), 
Cauchy’s formula for C® functions, and Cauchy’s theorem for locally 
integrable vector fields in the plane. This material gives additional insight 
on techniques and results applied to more standard topics in the text. 
Some of them may have been assigned as exercises, and I hope students 
will try to prove them before looking up the proofs in the Appendix. 
I am very grateful to several people for pointing out the need for a 
number of corrections, especially Keith Conrad, Wolfgang Fluch, Alberto 
Grunbaum, Bert Hochwald, Michal Jastrzebski, José Carlos Santos, Ernest 
C. Schlesinger, A. Vijayakumar, Barnet Weinstock, and Sandy Zabell. 
Finally, I thank Rami Shakarchi for working out an answer book. 
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Prerequisites 


We assume that the reader has had two years of calculus, and has some 
acquaintance with epsilon—delta techniques. For convenience, we have 
recalled all the necessary lemmas we need for continuous functions on 
compact sets in the plane. Section §1 in the Appendix also provides 
some background. 

We use what is now standard terminology. A function 


f:S>T 


is called injective if x # y in S implies f(x) # f(y). It is called surjective if 
for every z in T there exists x eS such that f(x) =z. If f is surjective, 
then we also say that f maps S onto T. If f is both injective and 
surjective then we say that f is bijective. 

Given two functions f, g defined on a set of real numbers containing 
arbitrarily large numbers, and such that g(x) 2 0, we write 


f<g or f(x) < g(x) for x70 


to mean that there exists a number C > 0 such that for all x sufficiently 
large, we have 


I f(x)| S Cg(x). 


Similarly, if the functions are defined for x near 0, we use the same 
symbol < for x 0 to mean that there exists C > 0 such that 


| f(x)| S Cg(x) 
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for all x sufficiently small (there exists 5>0 such that if |x| <6 then 
| f(x)| < Cg(x)). Often this relation is also expressed by writing 


f(x) = O(g(x)), 
which is read: f(x) is big oh of g(x), for x > oo or x0 as the case 
may be. 
We use Ja, b[ to denote the open interval of numbers 


a<x<b. 


Similarly, [a, b[ denotes the half-open interval, etc. 
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Basic Theory 


CHAPTER | 


Complex Numbers 
and Functions 


One of the advantages of dealing with the real numbers instead of the 
rational numbers is that certain equations which do not have any solu- 
tions in the rational numbers have a solution in real numbers. For 
instance, x? =2 is such an equation. However, we also know some 
equations having no solution in real numbers, for instance x? = —1, or 
x? = —2. We define a new kind of number where such equations have 
solutions. The new kind of numbers will be called complex numbers. 


|, §1. DEFINITION 


The complex numbers are a set of objects which can be added and 
multiplied, the sum and product of two complex numbers being also a 
complex number, and satisfy the following conditions. 


1. Every real number is a complex number, and if a, B are real 
numbers, then their sum and product as complex numbers are 
the same as their sum and product as real numbers. 

2. There is a complex number denoted by i such that i* = —1. 

3. Every complex number can be written uniquely in the form a + bi 
where a, b are real numbers. 

4. The ordinary laws of arithmetic concerning addition and multipli- 
cation are satisfied. We list these laws: 


If a, B, y are complex numbers, then («f)y = a(Py), and 


(a+ B)+y=a+(B + 4). 
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We have a(B + y) = «B + ay, and (B + y)a = Ba + ya. 
We have af = Ba, anda+ B=B +4. 
If 1 is the real number one, then la = a. 
If 0 is the real number zero, then 0a = 0. 
We have «+ (—1)a = 0. 
We shall now draw consequences of these properties. With each 


complex number a + bi, we associate the point (a, b) in the plane. Let 
a =a, + a,i and Bf = b, + b,i be two complex numbers. Then 


a+Bp=a,+5, + (a, + b,)i. 


Hence addition of complex numbers is carried out “componentwise”. 
For example, (2 + 3i) + (—1 + 5i) = 1 + 81. 


Figure 1 


In multiplying complex numbers, we use the rule it = —1 to simplify 
a product and to put it in the form a+ bi. For instance, let « = 2 + 3i 
and § = 1 —i. Then 
ap = (2 + 3i)(1 — i) = 2(1 — i) + 3i(1 — i) 
= 2 —2i + 3i — 3i? 
=2+i-—3(-1) 
=24+3+i 
=5+i. 


Let a=a+bi be a complex number. We define % to be a— bi. 
Thus if « = 2 + 3i, then. & = 2 — 3i. The complex number & is called the 
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conjugate of ~. We see at once that 
ae = a? + db’. 


With the vector interpretation of complex numbers, we see that a& is the 
square of the distance of the point (a, b) from the origin. 

We now have one more important property of complex numbers, 
which will allow us to divide by complex numbers other than 0. 

If « = a+ bi is a complex number # 0, and if we let 


Ol 
,=—— 
a? + b? 


then aA = Aa = 1. 


The proof of this property is an 1mmediate consequence of the law of 
multiplication of complex numbers, because 


a he 
a+b? a? +b? 


4 = |. 


The number / above is called the inverse of «, and is denoted by «~’ or 


1/a. If a, B are complex numbers, we often write B/a« instead of a" (or 
Ba~*), just as we did with real numbers. We see that we can divide by 
complex numbers # 0. 


Example. To find the inverse of (1 +i) we note that the conjugate 
of 1 +i1is 1 —i and that (1+ i)(1 —i)=2. Hence 


1-i 


1+i)?= 
(Iti t= 


Theorem 1.1. Let «, B be complex numbers. Then 
ap=a8, at+tp=a“2+p, &=a. 
Proof. The proofs follow immediately from the definitions of addition, 
multiplication, and the complex conjugate. We leave them as exercises 


(Exercises 3 and 4). 


Let « = a+ bi be a complex number, where a, b are real. We shall 
call a the real part of «, and denote it by Re(«). Thus 


a+ a= 2a=2 Re(a). 
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The real number b is called the imaginary part of «, and denoted by 
Im(q). 

We define the absolute value of a complex number a = a, + ia, (where 
a,, a, are real) to be 


la| = ./a? + a3. 


If we think of « as a point in the plane (a,, a), then || is the length of 
the line segment from the origin to a. In terms of the absolute value, 
we can write 


—1 


Oo 
04 = 


||? 


provided « #0. Indeed, we observe that |a|? = aa. 


Figure 2 


If a = a; + ia,, we note that 
jo] = |a| 


because (—a,)” = a3, so ./a? + a3 = ./a? + (—a,)’. 


Theorem 1.2. The absolute value of a complex number satisfies the 
following properties. If a, B are complex numbers, then 


|aB| = |a| |B, 
la + B| S la] + |B. 


Proof. We have 


|aB|? = oBoB = «BB = |o|?|BI?. 
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Taking the square root, we conclude that |a||f| =|«f|, thus proving 
the first assertion. As for the second, we have 
Ja + Bl? = (a + B)(a + B) = (a + B)(E + B) 
= a + PE + aB + BB 
= |a|? + 2 Re(Ba) + |B]? 


because af = Ba. However, we have 
2 Re(Ba) S 2|Ba| 


because the real part of a complex number is < its absolute value. 
Hence 
ja + Bl? S |o|? + 2|Ba| + |BI? 


S lal? + 2[Bllol + |B? 
= (|a| + |B)’. 


Taking the square root yields the second assertion of the theorem. 


The inequality 
la + | S la] + |B 


is called the triangle inequality. It also applies to a sum of several terms. 
If z,, ...,Z, are complex numbers then we have 


|Z, te + Zn < [Z| tee IZnl- 
Also observe that for any complex number z, we have 


|—2| = |zI. 
Proof? 


l, §1. EXERCISES 


1. Express the following complex numbers in the form x + iy, where x, y are 
real numbers. 
(a) (-14+ 31)" (b) (1+ (1 —i) 
(c) (1 + i)iQ2 — i) (d) @-1)2—-i) 
(ec) (74+ xi)(xn +i) (f) (2i+ 1)zi 
(g) (\/2i)( + 3i) (h) (+ IG 2) + 3) 


2. Express the following complex numbers in the form x + iy, where x, y are 
real numbers. 
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1 2+i 1 
“\-1 
(a) (+8) Oo OF; O55 
1+i i 2i 1 
h) ——— 
() = 0 & s 8a 
3. Let a be a complex number #0. What is the absolute value of «/a%? What 


is a? 
4. Let a, B be two complex numbers. Show that af = a6 and that 
at+p=a+f. 
5. Justify the assertion made in the proof of Theorem 1.2, that the real part of a 
complex number is < its absolute value. 


6. If «=a+ ib with a, b real, then b is called the imaginary part of « and we 
write b = Im(a). Show that « — & = 2iIm(a). Show that 


Im(«) $ |Im(@)| S |al. 


7. Find the real and imaginary parts of (1 + i)'°°. 


8. Prove that for any two complex numbers z, w we have: 
(a) |z| S|z—wl+|wl 
(b) |z|—|wl S|z—wl 
(c) |z|—|w| Slz+ wl 


9. Letx=a+ibandz=x-+ iy. Let c be real >0. Transform the condition 
|z—al=c 
into an equation involving only x, y, a, b, and c, and describe in a simple 
way what geometric figure is represented by this equation. 


10. Describe geometrically the sets of points z satisfying the following conditions. 


(a) |z—i+3|=5 (b) Jz—i+3|>5 
(c) |z—i+3|/s5 (d) |z+2i|<1 
(ec) Imz>0 (ff) Imz20 

(g) Rez>0O (h) Rez20 


l, §2. POLAR FORM 


Let (x, y)=x+iy be a complex number. We know that any point in 

the plane can be represented by polar coordinates (r, 6). We shall now 

see how to write our complex number in terms of such polar coordinates. 
Let 6 be a real number. We define the expression e” to be 


e® — cos 6 + isin 0. 


Thus e” is a complex number. 
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For example, if 6 =, then e'*= —1. Also, e? =1, and e'"/? =i. 
Furthermore, e'°*2”) = e'® for any real 0. 


re'9 = x + iy 


y=rsin@ 


Figure 3 


Let x, y be real numbers and x + iy a complex number. Let 


If (r, 9) are the polar coordinates of the point (x, y) in the plane, then 


x =rcos 0 and y=rsin 0. 
Hence 


x +iy=rcos 6+ irsiné =re™. 


The expression re’ is called the polar form of the complex number 
x +iy. The number 6 is sometimes called the angle, or argument of z, 
and we write 

0 = arg z. 


The most important property of this polar form is given in Theo- 


rem 2.1. It will allow us to have a very good geometric interpretation for 
the product of two complex numbers. 


Theorem 2.1. Let 6, @ be two real numbers. Then 


elbtio _ e®elv 


Proof. By definition, we have 


elbtio — eit) — cos(8 + ~) + isin(O + ¢@). 
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Using the addition formulas for sine and cosine, we see that the preced- 
ing expression is equal to 


cos 8 cos » — sin @ sin @ + i(sin 8 cos + sin g cos 8). 
This is exactly the same expression as the one we obtain by multiplying 
out 
(cos 6 + isin €)(cos g + isin @). 
Our theorem is proved. 

Theorem 2.1 justifies our notation, by showing that the exponential 
of complex numbers satisfies the same formal rule as the exponential of 
real numbers. 

Let a = a, + ia, be a complex number. We define e” to be 

etieia2 
For instance, let « = 2 + 3i. Then e* = ee. 
Theorem 2.2. Let «, B be complex numbers. Then 


e2tB — e%b 


Proof. Let «a =a, + ia, and B = b, + ib. Then 
ettB _ ela +b1)+i(a2 +b) = e411 +51 pillar +b) 
— e21eh1piaatibe 
Using Theorem 2.1, we see that this last expression is equal to 
e71e%19ia2 ibe — 91 9142951 pib2 


By definition, this is equal to e%e*, thereby proving our theorem. 


Theorem 2.2 is very useful in dealing with complex numbers. We shall 
now consider several examples to illustrate it. 


Example 1. Find a complex number whose square is 4e'’, 
Let z = 2e'"*, Using the rule for exponentials, we see that z? = 4e!”/2, 


Example 2. Let n be a positive integer. Find a complex number w 
such that w” = e'”/?, 
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It is clear that the complex number w = e'"/*" satisfies our requirement. 
In other words, we may express Theorem 2.2 as follows: 


Let z, =r,e' and z,=r,e? be two complex numbers. To find the 
product z,z,, we multiply the absolute values and add the angles. Thus 
Z122 = rr eis 72), 


In many cases, this way of visualizing the product of complex numbers 


is more useful than that coming out of the definition. 


Warning. We have not touched on the logarithm. As in calculus, we 


want to say that e? = w if and only if z=logw. Since e2nik — 1 for all 
integers k, it follows that the inverse function z = log w is defined only 
up to the addition of an integer multiple of 27i. We shall study the loga- 
rithm more closely in Chapter II, §3, Chapter II, §5, and Chapter III, §6. 


l. 


§2. EXERCISES 


Put the following complex numbers in polar form. 
(a) 1+i (b) 14+i,/2 (c) —3 (d) 4i 
(e) 1-i,/2 (f) —5i (g) —7 (h) —1—i 
. Put the following complex numbers in the ordinary form x + iy. 
(a) e3in (b) e2inl3 (c) 3ein/4 (d) me it/3 
(e) e2nil6 (f) ge inl2 (g) eit (h) e jinl4 
_ Let « be a complex number #0. Show that there are two distinct complex 


numbers whose square is «. 


_ Let a + bi be a complex number. Find real numbers x, y such that 


(x + iy)? =a + bi, 


expressing x, y in terms of a and b. 


_ Plot all the complex numbers z such that z" = 1 on a sheet of graph paper, 


for n = 2, 3, 4, and S. 


_ Let a be a complex number #0. Let n be a positive integer. Show that 


there are n distinct complex numbers z such that z”= a. Write these complex 
numbers in polar form. 


_ Find the real and imaginary parts of i!/*, taking the fourth root such that its 


angle lies between 0 and 2/2. 


(a) Describe all complex numbers z such that e* = 1. 


(b) Let w be a complex number. Let a be a complex number such that 
e* = w. Describe all complex numbers z such that e* = w. 
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. If e? = e”, show that there is an integer k such that z = w + 2zki. 


10. 


(a) If 0 is real, show that 


id + —id ei? ~ié 
cos 9 = —— and sin 9 = 


(b) For arbitrary complex z, suppose we define cos z and sin z by replacing 
@ with z in the above formula. Show that the only values of z for which 
cos z = 0 and sin z = 0 are the usual real values from trigonometry. 


Prove that for any complex number z # | we have 


a | 
Ll+z+e42%= 


z—1 
Using the preceding exercise, and taking real parts, prove: 


1 si 4 
| + cos 8 + cos 20 +--+ cos ng = 5 + Satins 2) 


2 sin = 
sin 


for 0 < 06 < 2zn. 


Let z, w be two complex numbers such that zw # 1. Prove that 


a et if |zl <1 and Jw| <1, 
1 — Zw 
: ~ = 1 if |z| = 1 or |w| = 1. 
1 — Zw 


(There are many ways of doing this. One way is as follows. First check that 
you may assume that z is real, say z=r. For the first inequality you are 
reduced to proving 


(r — w)(r — w) < (1 — rw)(1 — rw). 


Expand both sides and make cancellations to simplify the problem.) 


I, §3. COMPLEX VALUED FUNCTIONS 


Let S be a set of complex numbers. An association which to each 


element of S associates a complex number is called a complex valued 


function, or a function for short. We denote such a function by symbols 
like 


Ff: SC. 
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If z is an element of S, we write the association of the value f(z) to z by 
the special arrow 


ze f(z). 


We can write 


f(z) = u(z) + iv(2), 
where u(z) and v(z) are real numbers, and thus 
zt u(z), Zt> v(z) 
are real valued functions. We call u the real part of f, and v the imagi- 


nary part of f. 
We shall usually write 


z=x+ iy, 


where x, y are real. Then the values of the function f can be written in 
the form 


f(z) = f(x + iy) = u(x, y) + iv(x, y), 
viewing u, v as functions of the two real variables x and y. 
Example. For the function 
f(z) =x*y + isin(x + y), 
we have the real part, 
u(x, y) = x°y, 
and the imaginary part, 
v(x, y) = sin(x + y). 


Example. The most important examples of complex functions are the 
power functions. Let n be a positive integer. Let 


f(z) = 2". 
Then in polar coordinates, we can write z = re’®, and therefore 
f(z) = re"? = r"(cos nO + i sin n6). 


For this function, the real part is r”cosn0, and the imaginary part 
is r" sin né. 
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Let D be the closed disc of radius 1 centered at the origin in C. In 
other words, D is the set of complex numbers z such that |z| <1. If z is 
an element of D, then z” is also an element of D, and so z+»z" maps D 
into itself. Let S be the sector of complex numbers re” such that 


0<6<2n/n, 


as shown on Fig. 4. 


Figure 4 


The function of a real variable 

rrr" 

maps the unit interval [0, 1] onto itself. The function 
dr né 

maps the interval 


[0, 2n/n] > [0, 27}. 


In this way, we see that the function f(z) = z” maps the sector S onto the 
full disc of all numbers 


w = te’?, 
with O<t<1 and OS @<2z. We may say that the power function 


wraps the sector around the disc. 
We could give a similar argument with other sectors of angle 2z/n 
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as shown on Fig. 5. Thus we see that z+»z" wraps the disc n times 


Aye 
AY 


Figure 5 


Given a complex number z = re”, you should have done Exercise 6 
of the preceding section, or at least thought about it. For future refer- 
ence, we now give the answer explicitly. We want to describe all com- 
plex numbers w such that w" = z. Write 


w = te!?. 
Then 


w"=f"e"™ QO<t. 


If w” = z, then t” =r, and there is a unique real number t = 0 such that 
t" =r. On the other hand, we must also have 


eine — 2? 
which is equivalent with 
inp = id + 2nik, 


where k is some integer. Thus we can solve for @ and get 


The numbers 


w, = e'8/ne2nikin, k=0, 1,...,.n—1 
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are all distinct, and are drawn on Fig. 6. These numbers w, may be 
described pictorially as those points on the circle which are the vertices 
of a regular polygon with n sides inscribed in the unit circle, with one 
vertex being at the point e'*”. 


Figure 6 


Each complex number 


k _. ,2nikin 
(*=e 


is called a root of unity, in fact, an n-th root of unity, because its n-th 
power is 1, namely 


(cy = e2tiknin — e2nik _ 1. 


id/n 


The points w, are just the product of e’’” with all the n-th roots of unity, 


W;, — eiBingk 


One of the major results of the theory of complex variables is to 
reduce the study of certain functions, including most of the common 
functions you can think of (like exponentials, logs, sine, cosine) to power 
series, which can be approximated by polynomials. Thus the power func- 
tion is in some sense the unique basic function out of which the others 
are constructed. For this reason it was essential to get a good intuition 
of the power function. We postpone discussing the geometric aspects 
of the other functions to Chapters VII and VIII, except for some simple 
exercises. 
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|, §3. EXERCISES 


1. Let f(z) = 1/z. Describe what f does to the inside and outside of the unit 
circle, and also what it does to points on the unit circle. This map is called 
inversion through the unit circle. 


2. Let f(z) = 1/z. Describe f in the same manner as in Exercise 1. This map is 
called reflection through the unit circle. 


3. Let f(z) =e°"*. Describe the image under f of the set shaded in Fig. 7, 
consisting of those points x + iy with -4<x <i and y2>B. 


Figure 7 


4. Let f(z) =e”. Describe the image under f of the following sets: 
(a) The set of z=x-+iy such thatx <1 andOSy<n. 
(b) The set of z= x + iy such that 0 S$ y S$ x (no condition on x). 


Il, §4. LIMITS AND COMPACT SETS 


Let a be a complex number. By the open disc of radius r > 0 centered 
at a we mean the set of complex numbers z such that 


lz—al<r. 


For the closed disc, we use the condition |z — «| <r instead. We shall 
deal only with the open disc unless otherwise specified, and thus speak 
simply of the disc, denoted by D(a,r). The closed disc is denoted by 
D(a, r). 

Let U be a subset of the complex plane. We say that U is open if for 
every point « in U there is a disc D(a,r) centered at «, and of some 
radius r>0O such that this disc D(a,r) is contained in U. We have 
illustrated an open set in Fig. 8. 
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Figure 8 


Note that the radius r of the disc depends on the point «. As a comes 
closer to the boundary of U, the radius of the disc will be smaller. 


Examples of Open Sets. The first quadrant, consisting of all numbers 
z=x+iy with x > 0 and y > 0 is open, and drawn on Fig. 9(a). 


Open S | Closed first 
first quadrant: ~ 
Sec aun a ai en a nna re 

Ea a sewn icesae oes 


| quadrant 


* 
sara 


Figure 9 


On the other hand, the set consisting of the first quadrant and the 
vertical and horizontal axes as on. Fig. 9(b) is not open. 
The upper half plane by definition is the set of complex numbers 


Z=x+lIy 


with y > 0. It is an open set. 

Let S be a subset of the plane. A boundary point of S is a point « 
such that every disc D(a, r) centered at « and of radius r>0 contains 
both points of S and points not in S. In the closed first quadrant of Fig. 
9(b), the points on the x-axis with x 2 0 and on the y-axis with y = 0 are 
boundary points of the quadrant. 

A point « is said to be adherent to S if every disc D(a, r) with r>0 
contains some element of S. A point « is said to be an interior point of S 
if there exists a disc D(a, r) which is contained in S. Thus an adherent 
point can be a boundary point or an interior point of S. A set is called 
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closed if it contains all its boundary points. The complement of a closed 
set is then open. 
The closure of a set S is defined to be the union of S and all its 


boundary points. We denote the closure by S. 
A set S is said to be bounded if there exists a number C > 0 such that 


lz] sC for all z in S. 


For instance, the set in Fig. 10 is bounded. The first quadrant is not 
bounded. 


Figure 10 


The upper half plane is not bounded. The condition for boundedness 
means that the set is contained in the closed disc of radius C, as shown 
on Fig. 10. 

Let f be a function on S, and let « be an adherent point of S. Let 
w be a complex number. We say that 

w = lim f(z) 
res 

if the following condition is satisfied. Given € > 0 there exists 6 > 0 such 
that if ze S and |z — a| < 0, then 


|f(z) — wl <e. 
We usually omit the symbols z € S under the limit sign, and write merely 


lim f(z). 


za 


In some applications « € S and in some applications, « ¢ S. 


20 COMPLEX NUMBERS AND FUNCTIONS LI, §4] 


Let ae S. We say that f is continuous at « if 


lim f(z) = f(a). 


These definitions are completely analogous to those which you should 
have had in some analysis or advanced calculus course, so we don’t 
spend much time on them. As usual, we have the rules for limits of 
sums, products, quotients as in calculus. 

If {z,} (n =1,2,...) is a sequence of complex numbers, then we say 
that 


w = lim z, 
no 


if the following condition is satisfied: 
Given € > 0 there exists an integer N such that if n= N, then 
|Z, —w|<e. 
Let S be the set of fractions 1/n, with n=1,2,.... Let f(1/n) = z,. 


Then 


lim z, = Ww if and only if ——lim f(z) = w. 
n—0o z—0 
zeS 


Thus basic properties of limits for n— oo are reduced to similar proper- 
ties for functions. Note that in this case, the number 0 is not an element 
of S. 


A sequence {z,} is said to be a Cauchy sequence if, given ¢, there exists 
N such that if m, n 2 N, then 


IZ, — Zml < €. 


Write 
Zn = Xn + LV, 
Since 
IZ, _ Zml = (x, _ Xm)? + (y, ~ Vm)°s 
and 


Xn — Xml s IZn — 2mls Vn — Vial Ss |2n — Zml 


we conclude that {z,} is Cauchy if and only if the sequences {x,} and 
{y,} of real and imaginary parts are also Cauchy. Since we know that 
real Cauchy sequences converge (i.e. have limits), we conclude that com- 
plex Cauchy sequences also converge. 

We note that all the usual theorems about limits hold for complex 
numbers: Limits of sums, limits of products, limits of quotients, limits 
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of composite functions. The proofs which you had in advanced calculus 
hold without change in the present context. It is then usually easy to 
compute limits. 


Example. Find the limit 


NZ 


lim 
no 1+ nz 


for any complex number z. 
If z=0, it is clear that the limit is 0. Suppose z #0. Then the 
quotient whose limit we are supposed to find can be written 


But 


Hence the limit of the quotient is z/z = 1. 
Compact Sets 


We shall now go through the basic results concerning compact sets. Let 
S be a set of complex numbers. Let {z,} be a sequence in S. By a point 
of accumulation of {z,} we mean a complex number v such that given e 
(always assumed > 0) there exist infinitely many integers n such that 


|Z, —v| <e. 


We may say that given an open set U containing v, there exist infinitely 
many n such that z, € U. 

Similarly we define the notion of point of accumulation of an infinite 
set S. It is a complex number v such that given an open set U contain- 
ing v, there exist infinitely many elements of S lying in U. In particular, 
a point of accumulation of S is adherent to S. 

We assume that the reader is acquainted with the Weierstrass—Bolzano 
theorem about sets of real numbers: If S is an infinite bounded set of real 
numbers, then S has a point of accumulation. 

We define a set of complex numbers S to be compact if every sequence 
of elements of S has a point of accumulation in S. This property is 
equivalent to the following properties, which could be taken as alternate 
definitions: 


(a) Every infinite subset of S has a point of accumulation in S. 
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(b) Every sequence of elements of S has a convergent subsequence 
whose limit is in S. 


We leave the proof of the equivalence between the three possible 
definitions to the reader. 


Theorem 4.1. A set of complex numbers is compact if and only if it is 
closed and bounded. 


Proof. Assume that S is compact. If S is not bounded, for each posi- 
tive integer n there exists z, € S such that 


\z,| > nm. 


Then the sequence {z,} does not have a point of accumulation. Indeed, 
if v is a point of accumulation, pick m> 2|v|, and note that |v| > 0. 
Then 

[2m — | 2 |Z — |v] 2 m — |v] > oI. 


This contradicts the fact that for infinitely many m we must have z,, close 
to v. Hence S is bounded. To show S is closed, let v be in its closure. 
Given n, there exists z, € S such that 


\z, — v| < I/n. 


The sequence {z,} converges to v, and has a subsequence converging to 
a limit in S because S is assumed compact. This limit must be v, whence 
veéS and S 1s closed. 

Conversely, assume that S is closed and bounded, and let B be a 
bound, so |z| < B for all ze S. If we write 


Z=X+ ly, 
then |x| < B and |y| < B. Let {z,} be a sequence in S, and write 
Z_ = X_ + Uy. 
There is a subsequence {z,,} such that {x,,} converges to a real number 


a, and there is a sub-subsequence {z,,} such that (y,,} converges to a 
real number b. Then 


{Zn, = Xn, + iVn,} 
converges to a + ib, and S is compact. This proves the theorem. 


Theorem 4.2. Let S be a compact set and let S,>S,>-°-: be a 
sequence of non-empty closed subsets such that S,>S,,,. Then the 
intersection of all S, for all n = 1, 2, ... is not empty. 
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Proof. Let z,éS,. The sequence {z,} has a point of accumulation 
in S. Call it v. Then v is also a point of accumulation for each sub- 
sequence {z,} with k =n, and hence lies in the closure of S, for each n, 
But S, is assumed closed, and hence veS, for all n. This proves the 
theorem. 


Theorem 4.3. Let S be a compact set of complex numbers, and let f be 
a continuous function on S. Then the image of f is compact. 


Proof. Let {w,} be a sequence in the image of f, so that 
Wh = S (Zn) for z, ES. 


The sequence {z,} has a convergent subsequence {z,, }, with a limit v in 
S. Since f is continuous, we have 


lim w,, = lim f(z,,) = f(v). 
k- 0 ko 


Hence the given sequence {w,} has a subsequence which converges in 
f(S). This proves that f(S) 1s compact. 


Theorem 4.4. Let S be a compact set of complex numbers, and let 
f:S—>R 


be a continuous function. Then f has a maximum on S, that is, there 
exists v€ S such that f(z) S f(v) for all zeS. 


Proof. By Theorem 4.3, we know that f(S) is closed and bounded. 
Let b be its least upper bound. Then b is adherent to f(S), whence in 
f(S) because f(S) is closed. So there is some veS such that f(v) = b. 
This proves the theorem. 


Remarks. In practice, one deals with a continuous function f: S + C 
and one applies Theorem 4.4 to the absolute value of f, which is also 
continuous (composite of two continuous functions). 


Theorem 4.5. Let S be a compact set, and let f be a continuous 
function on S. Then f is uniformly continuous, i.e. given € there exists 6 
such that whenever z, w€ S and |z — w| < 0, then | f(z) — f(w)| < . 


Proof. Suppose the assertion of the theorem is false. Then there exists 
«, and for each n there exists a pair of elements z,, w, € S such that 


IZn— Wal <i/n but — | f(2,) — f(a) > €. 
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There is an infinite subset J, of positive integers and some veS such 
that z,—>v for n— oo and ne J,. There is an infinite subset J, of J, and 
uéS such that w,-u for n> oo and neJ,. Then, taking the limit for 
noo and ne J, we obtain |u — v| = 0 and u = v because 


jv —u| S |v —2,| + |Z, — Wal + [Wa — Ul. 
Hence f(v) — f(u) = 0. Furthermore, 


If(Zn) — fal S |f(Zn) — FO) + LF) — FI! + LF) — Fy): 
Again taking the limit as n > o0 and née J,, we conclude that 
F(Zn) — f(r) 
approaches 0. This contradicts the assumption that 
If(Zn) — f(Wa)l > € 
and proves the theorem. 


Let A, B be two sets of complex numbers. By the distance between 
them, denoted by d(A, B), we mean 


d(A, B) = g.l.b.|z — wi, 
where the greatest lower bound g.l.b. is taken over all elements z € A and 
we B. If B consists of one point, we also write d(A, w) instead of d(A, B). 


We shall leave the next two results as easy exercises. 


Theorem 4.6. Let S be a closed set of complex numbers, and let v be a 
complex number. There exists a point we S such that 


d(S, v) = |w — v|. 


[Hint: Let E be a closed disc of some suitable radius, centered at , 
and consider the function z+ |z — v| for zESNOE.] 


Theorem 4.7. Let K be a compact set of complex numbers, and let S be 
a closed set. There exist elements z) € K and wo €S such that 


d(K, S) = |Z —_ Wol. 


[ Hint: Consider the function z++ d(S, z) for z € K.] 
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Theorem 4.8. Let S be compact. Let r be a real number >0. There 
exists a finite number of open discs of radius r whose union contains S. 


Proof. Suppose this is false. Let z, ¢ S and let D, be the open disc of 
radius r centered at z,. Then D, does not contain S, and there is some 
z,€S8, Z2,#2,. Proceeding inductively, suppose we have found open 
discs D,, ...,D, of radius r centered at points z,, ...,z,, respectively, such 
that z,,, does not lie in D, U-:-UD,. We can then find z,,, which does 
not lie in D, U:::UD,, and we let D,,, be the disc of radius r centered 
at z,4,. Let v be a point of accumulation of the sequence {z,}. By 
definition, there exist positive integers m, k with k > m such that 


|Z, —v| <r/2 and |Zm — | < 7/2. 


Then |z, — z,| <r and this contradicts the property of our sequence {z,} 
because z, lies in the disc D,,. This proves the theorem. 


Let S be a set of complex numbers, and let I be some set. Suppose 
that for each ie I we are given an open set U;. We denote this associa- 
tion by {U,};-;, and call it a family of open sets. The union of the family 
is the set U consisting of all z such that ze U, for some ie]. We say 
that the family covers S if S is contained in this union, that is, every ze S 
is contained in some U;. We then say that the family {U,};-; is an open 
covering of S. If J is a subset of I, we call the family {U,},., a subfamily, 
and if it covers S also, we call it a subcovering of S. In particular, if 


U;, ..,U;, 
is a finite number of the open sets U;, we say that it is a finite subcover- 
ing of S if S is contained in the finite union 

U. 


ty 


UU U,. 


Theorem 4.9. Let S be a compact set, and let {U;,};-; be an open 
covering of S. Then there exists a finite subcovering, that is, a finite 
number of open sets U;,,, ...,U;, whose union covers S. 


Proof. By Theorem 4.8, for each n there exists a finite number of open 
discs of radius 1/n which cover S. Suppose that there is no finite sub- 
covering of S by open sets U;. Then for each n there exists one of the 
open discs D, from the preceding finite number such that D,S is not 
covered by any finite number of open sets U;. Let z,¢D,S, and let w 
be a point of accumulation of the sequence {z,}. For some index ig we 
have we U,,. By definition, U,, contains an open disc D of radius r > 0 
centered at w. Let N be so large that 2/N <r. There exists n > N such 
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that 


IZ, — w| S1/N. 


Any point of D, is then at a distance <2/N from w, and hence D, is 
contained in D, and thus contained in U;,. This contradicts the hypothe- 
sis made on D,, and proves the theorem. 


l, 


1. 
2. 


7. 


§4. EXERCISES 


Let a be a complex number of absolute value <1. What is lim a"? Proof? 
If |a| > 1, does lim «” exist? Why? 


n=? 00 


. Show that for any complex number z ¥ 1, we have 


gntl _ 1 


Ll+Zz4+-"4+2%= 


z—1 
If |z] < 1, show that 


1 
lim (l+z+-- +2") = 


n->00 —Z 


. Let f be the function defined by 


JQ) = lim ol +n?z 


Show that f is the characteristic function of the set {0}, that is, f(0) = 1, and 
f(z) = 0 if z #0. 


. For |z| 4 1 show that the following limit exists: 


2" 1 
I) = him (Soi + 7} 


Is it possible to define f(z) when |z| = 1 in such a way to make f continuous? 


Let 


f(z) = lim ——— 


n> 73 


(a) What is the domain of definition of f, that is, for which compiex numbers 
z does the limit exist? 
(b) Give explicitly the values of f(z) for the various z in the domain of f. 


Show that the series - 


Ya watt _ zntl) 


n=1 
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converges to 1/(1 — z)* for |z| <1 and to 1/z(1 —z)* for |z|> 1. Prove that 
the convergence is uniform for |z| <c < 1 in the first case, and |z| 2 b> 1 in 
the second. [Hint: Multiply and divide each term by 1 —z, and do a partial 
fraction decomposition, getting a telescoping effect.] 


Il, §5. COMPLEX DIFFERENTIABILITY 


In studying differentiable functions of a real variable, we took such func- 
tions defined on intervals. For complex variables, we have to select 
domains of definition in an analogous manner. 

Let U be an open set, and let z be a point of U. Let f be a function 
on U. We say that f is complex differentiable at z if the limit 


fan £2.) - fO) 


h+0 h 


exists. This limit is denoted by f’(z) or df/dz. 

In this section, differentiable will always mean complex differentiable. 

The usual proofs of a first course in calculus concerning basic proper- 
ties of differentiability are valid for complex differentiability. We shall 
run through them again. 

We note that if f is differentiable at z then f is continuous at z 
because 


fle +h) — fe), 


lim (f(z + h) — f(z)) = lim 
h-0 h-0 h 


and since the limit of a product is the product of the limits, the limit on 
the right-hand side is equal to 0. 

We let f, g be functions defined on the open set U. We assume that 
f,g are differentiable at z. 


Sum. The sum f + g is differentiable at z, and 


(f + 9)(2) = f(z) + g'(2). 


Proof. This is immediate from the theorem that the limit of a sum is 
the sum of the limits. 


Product. The product fg is differentiable at z, and 


(fg) (z) = f'(2)g(z) + flz)g'(2). 
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Proof. To determine the limit of the Newton quotient 


F(z + h)g(z + h) — fl2)g(2) 
h 


we write the numerator in the form 


f(z + h)glz + h) — f(zg(z + h) + f(2)g(z + h) — f(z)g(2). 


Then the Newton quotient is equal to a sum 


g(z + h) — g(2) 


h) — 
Pe IO ge + 1) + 


Taking the limits yields the formula. 


Quotient. If g(z) 4 0, then the quotient f/g is differentiable at z, and 


g(2)F (2) — S29"). 


(f19)'@) = 


Proof. This is again proved as in ordinary calculus. We first prove 
the differentiability of the quotient function 1/g. We have 


1 1 
gzt+h) g@)_ g@+h—-ge) 1 
h h g(z + h)g(z) 


Taking the limit yields 


1 
Gand 


which is the usual value. The general formula for a quotient is obtained 
from this by writing 
fig =f 1/9, 


and using the rules for the derivative of a product, and the derivative of 
1/g. 


Examples. As in ordinary calculus, from the formula for a product 
and induction, we see that for any positive integer n, 
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The rule for a quotient also shows that this formula remains valid when 
n is a negative integer. 
The derivative of z7/(2z — 1) is 


(2z — 1)2z — 22? 
(Qz — 1 


This formula is valid for any complex number z such that 2z —1 #0. 
More generally, let 


F(z) = P(z)/Q(2), 


where P, Q are polynomials. Then f is differentiable at any point z 
where Q(z) + 0. 


Last comes the chain rule. Let U, V be open sets in C, and let 
f:U-V and g.iV>C 


be functions, such that the image of f is contained in V. Then we can 
form the composite function g o f such that 


(go f)(z) = g(f(2)). 


Chain Rule. Let w = f(z). Assume that f is differentiable at z, and g is 
differentiable at w. Then go f is differentiable at z, and 


(go f\(z) = 9'(f@)f'(2). 
Proof. Again the proof is the same as in calculus, and depends on 


expressing differentiability by an equivalent property not involving de- 
nominators, as follows. 


Suppose that f is differentiable at z, and let 


_ fe+h- fe) _ 


(h) i 


F'(2). 
Then 

(1) f(z + h) — f(2) = f'@h + hoe(h), 

and 


(2) lim @(h) = 0. 
h-0 
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Furthermore, even though ¢ is at first defined only for sufficiently small 
h and h #0, we may also define o(0) = 0, and formula (1) remains valid 
for h=0. 

Conversely, suppose that there exists a function @ defined for suff- 
ciently small h and a number a such that 


(1’) f(z + h) — f(z) = ah + he(h) 
and 
(2) lim g(h) = 0. 

h-O 


Dividing by h in formula (1’) and taking the limit as h 0, we see that 
the limit exists and is equal to a. Thus f(z) exists and is equal to a. 
Hence the existence of a function @ satisfying (1’), (2) is equivalent to 
differentiability. 


We apply this to a proof of the chain rule. Let w = f(z), and 


k = f(z + h) — f(z), 
so that 


g(f(z + h)) — g(f(2)) = g(w + &) — g(w). 


There exists a function w(k) such that lim y(k) = 0 and 
k-0O 


g(w + k) — g(w) = g'(w)k + ki(k) 
= g'(w)(f(z + h) — fz) + Fz + hb) — f2)) WW. 


Dividing by h yields 


gofZ@+h)—gof@__, 


g'(w) fz +h —-I@ , flet+h—-JI@ 
h h h 


W(k). 


As h-+0, we note that k +0 also by the continuity of f, whence w(k) > 0 
by assumption. Taking the limit of this last expression as h-0 proves 
the chain rule. 


A function f defined on an open set U is said to be differentiable if it 
is differentiable at every point. We then also say that f is holomorphic 
on U. The word holomorphic is usually used in order not to have to 
specify complex differentiability as distinguished from real differentiability. 
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In line with general terminology, a holomorphic function 
f:U-~V 


from an open set into another is called a holomorphic isomorphism if 
there exists a holomorphic function 


g.V7U 
such that g is the inverse of f, that is, 
go f=idy and fog=id,. 


A holomorphic isomorphism of U with itself is called a holomorphic 
automorphism. In the next chapter we discuss this notion in connection 
with functions defined by power series. 


l, §6. THE CAUCHY-RIEMANN EQUATIONS 


Let f be a function on an open set U, and write f in terms of its real 
and imaginary parts, 


f(x + iy) = u(x, y) + iv(x, y). 


It is reasonable to ask what the condition of differentiability means in 
terms of u and v. We shall analyze this situation in detail in Chapter 
VIII, but both for the sake of tradition, and because there is some need 
psychologically to see right away what the answer is, we derive the 
equivalent conditions on u, v for f to be holomorphic. 
At a fixed z, let f'(z) =a+ bi. Let w=h + ik, with h, k real. Suppose 
that 
f(z + w) — f(z) = f'(z)w + o(w)w, 
where 
lim o(w) = 0. 
w-0 


Then 
f'(z)w = (a + bi)(h + ki) = ah — bk + i(bh + ak). 


On the other hand, let 


F:U +R? 
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be the map (often called vector field) such that 
F(x, y) = (u(x, y), o(%, y)). 
We call F the (real) vector field associated with f. Then 
F(x + h, y + k) — F(x, y) = (ah — bk, bh + ak) + o,(h, k)h + o2(h, k)k, 
where o,(h, k), o,(h, k) are functions tending to 0 as (h,k) tends to 0. 
Hence if we assume that f is holomorphic, we conclude that F is differ- 


entiable in the sense of real variables, and that its derivative is repre- 
sented by the (Jacobian) matrix 


Ou ou 
a b ox dy 

J XxX, = = 
Psy) ( ) Ov Ov 
ax dy 


This shows that 


and 


These are called the Cauchy—Riemann equations. 

Conversely, let u(x, y) and v(x, y) be two functions satisfying the 
Cauchy—Riemann equations, and continuously differentiable in the sense 
of real functions. Define 


f(z) = f(x + iy) = u(x, y) + iv(x, y). 
Then it is immediately verified by reversing the above steps that f is 


complex-differentiable, i.e. holomorphic. 
The Jacobian determinant A, of the associated vector field F is 


Gu \2 Ov \? du\? ([du\? 
_ 2,72 _( 7% avy _( aad 
dpaar sh a(X) +(3) =(3) +(5)- 
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Hence A, 2 0, and is 40 if and only if f’(z) #0. We have 


Ar (x, y) = |f’(2)/’. 


We now drop these considerations until Chapter VIII. 

The study of the real part of a holomorphic function and its relation 
with the function itself will be carried out more substantially in Chapter 
VIII. It is important, and much of that chapter depends only on elemen- 
tary facts. However, the most important part of complex analysis at the 
present level lies in the power series aspects and the immediate applica- 
tions of Cauchy’s theorem. The real part plays no role in these matters. 
Thus we do not wish to interrupt the straightforward flow of the book 
now towards these topics. 

However, the reader may read immediately the more elementary parts 
§1 and §2 of Chapter VIII, which can be understood already at this 
point. 


l, §6. EXERCISE 


1. Prove in detail that if u, v satisfy the Cauchy—Riemann equations, then the 
function 


H(z) = f(x + iy) = u(x, y) + iv(x, y) 


is holomorphic. 


I, §7. ANGLES UNDER HOLOMORPHIC MAPS 
In this section, we give a simple geometric property of holomorphic 
maps. Roughly speaking, they preserve angles. We make this precise as 
follows. 
Let U be an open set in C and let 
y: [a,b] -~U 
be a curve in U, so we write 


y(t) = x(t) + iy(d). 


We assume that y is differentiable, so its derivative is given by 


y(t) = x(t) + iy'(). 
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Let f: U-+C be holomorphic. We let the reader verify the chain rule 


d 
af (y(t) = f’(r@)y'(0. 


We interpret y(t) as a vector in the direction of a tangent vector at the 
point y(t). This derivative y’(t), if not 0, defines the direction of the curve 
at the point. 

y(t) 7b) 


v(t) 


na) 
Figure 11 


Consider two curves y and y passing through the same point z,). Say 
Zo = (to) = nt). 


Then the tangent vectors y(t.) and n’(t,) determine an angle @ which is 
defined to be the angle between the curves. 


(2) 


n(t) 


Figure 12 


Applying f, the curves foy and fon pass through the point f(z,), and 
by the chain rule, tangent vectors of these image curves are 


f'(Zo)¥'(to) and f'(Zo)n'(ts). 


Theorem 7.1. If f'(Z 9) #0 then the angle between the curves y, at Z 
is the same as the angle between the curves foy, fon at f(Z,). 


Proof. Geometrically speaking, the tangent vectors under f are 
changed by multiplication with {’(z,), which can be represented in polar 
coordinates as a dilation and a rotation, so preserves the angles. 
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We shall now give a more formal argument, dealing with the cosine 
and sine of angles. 

Let z, w be complex numbers, 

z=at+bi and w=c+ di, 
where a, b, c, d are real. Then 
zw = ac + bd + i(be — ad). 

Define the scalar product 
(1) <z,w> = Re(zw). 


Then <z, w> is the ordinary scalar product of the vectors (a, b) and (c, d) 
in R?. Let @(z, w) be the angle between z and w. Then 


<Z, W) 


(2) cos #(z, w) = , 
[z||w| 


6 


Since sin 6 = cos (6 — "| , we can define 


(3) sin 6(z, w) = <2 IW) 
[z||w| 


This gives us the desired precise formulas for the cosine and sine of an 
angle, which determine the angle. 
Let f'(Z9) =a. Then 


(4) (az, aw) = Re(az@w) = a& Re(zw) = |a|*<z, w> 


because «% = |a|? is real. It follows immediately from the above formulas 
that 


(5) cos 6(az, ew) = cos A(z, w) and sin @(az, ew) = sin O(z, w). 
This proves the theorem. 


A map which preserves angles is called conformal. Thus we can say 
that a holomorphic map with non-zero derivative is conformal. The 
complex conjugate of a holomorphic map also preserves angles, if we 
disregard the orientation of an angle. 

In Chapter VII, we shall consider holomorphic maps which have in- 
verse holomorphic maps, and therefore such that their derivatives are 
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never equal to 0. The theorem proved in this section gives additional 
geometric information concerning the nature of such maps. But the em- 
phasis of the theorem in this section is local, whereas the emphasis in 
Chapter VII will be global. The word “conformal”, however, has become 
a code word for this kind of map, even in the global case, which explains 
the title of Chapter VII. The reader will notice that the local property of 
preserving angles is irrelevant for the global arguments given in Chapter 
VII, having to do with inverse mappings. Thus in Chapter VII, we shall 
use a terminology which emphasizes the invertibility, namely the termi- 
nology of isomorphisms and automorphisms. 

In this terminology, we can say that a holomorphic isomorphism is 
conformal. The converse is false in general. For instance, let U be the 
open set obtained by deleting the origin from the complex numbers. 
The function 
2 


f:U-~U given by ZE+Z 


has everywhere non-zero derivative in U, but it does not admit an in- 
verse function. This function f 1s definitely conformal. The invertibility 
is true locally, however. See Theorem 5.1 of Chapter II. 


CHAPTER Il 


Power Series 


So far, we have given only rational functions as examples of holomorphic 
functions. We shall study other ways of defining such functions. One 
of the principal ways will be by means of power series. Thus we shall see 


that the series 
z* 2 
__ + __ 


IP+2+5 31 


+ :°: 


converges for all z to define a function which is equal to e”. Similarly, 
we shall extend the values of sinz and cosz by their usual series to 
complex valued functions of a complex variable, and we shall see that 
they have similar properties to the functions of a real variable which you 
already know. 

First we shall learn to manipulate power series formally. In elemen- 
tary calculus courses, we derived Taylor’s formula with an error term. 
Here we are concerned with the full power series. In a way, we pick up 
where calculus left off. We study systematically sums, products, inverses, 
and composition of power series, and then relate the formal operations 
with questions of convergence. 


ll, §1. FORMAL POWER SERIES 


We select at first a neutral letter, say T. In writing a formal power series 


10.0) 
y a,T" = ay + a,T +a,T? +°°: 
0 


= 
il 
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what is essential are its “coefficients” aj, a,, a,, ... which we shall take 

as complex numbers. Thus the above series may be defined as the func- 
tion 

nt a, 

from the integers = 0 to the complex numbers. 

We could use other letters besides T, writing 


f(T) = Ya, T", 
fr) = dar", 
f(z) = 4,2". 


In such notation, f does not denote a function, but a formal expression. 
Also, as a matter of notation, we write a single term 


a, 1 
to denote the power series such that a,=0 if k#n. For instance, we 


would write 
5ST? 


for the power series 
0+07T7+07T*4+5T?+0T*+---, 
such that a, = 5 and a, = 0 if k #3. 


By definition, we call a, the constant term of f. 
If 


f=Ya,T" and g=)b,T" 
are such formal power series, we define their sum to be 
f+g=)c,T", where c,=a,+ b,. 


We define their product to be 


fg=)4,T", where d, = y a,b, _,- 
k=0 


The sum and product are therefore defined just as for polynomials. The 
first few terms of the product can be written as 


t9 = Ag bo + (ayb, + a,b )T “+ (ab, -++ a,b; + a b))T? a 
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If « is a complex number, we define 


af =) (aa,)T" 


to be the power series whose n-th coefficient is «a,. Thus we can multi- 
ply power series by numbers. 

Just as for polynomials, one verifies that the sum and product are 
associative, commutative, and distributive. Thus in particular, if f, g, h 
are power series, then 


f(g +h) =fg+fh (distributivity). 
We omit the proof, which is just elementary algebra. 
The zero power series is the series such that a,=0 for all integers 
n= 0. 
Suppose a power series is of the form 


f= a,T" + Aya" tent, 


and a, #0. Thus r is the smallest integer n such that a, #0. Then we 
call r the order of f, and write 


r =ord f. 
If ord g = s, so that 
g=b,.T' +b 4,78 +°", 
and b, # 0, then by definition, 


fg = ,b,T"** + higher terms, 


ord fg = ord f + ord g. 


A power series has order 0 if and only if it starts with a non-zero 
constant term. For instance, the geometric series 


and a,b, #0. Hence 


1+T+T?+T?+-: 


has order 0. 
Let f= ).a,T" be a power series. We say that g=))b,T” is an 
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inverse for f if 
fg = 1. 


In view of the relation for orders which we just mentioned, we note that 
if an inverse exists, then we must have 


ord f = ord g = 0. 


In other words, both f and g start with non-zero constant terms. The 
converse is true: 


If f has a non-zero constant term, then f has an inverse as a power 
series. 


Proof. Considering aj'f instead of f, we are reduced to the case 
when the constant term is equal to 1. We first note that the old geo- 
metric series gives us a formal inverse, 


1 
——=l4+rtrte. 
l—r 


Written multiplicatively, this amounts to 


Q—-nQtrterte)=ltrtre te rl tree +::) 
=Jortr7+:—r—r*—:: 
= 1. 


Next, write 
f=1—-h, where h=—(a,T+a,T? +:::). 
To find the inverse (1 — h)~* is now easy, namely it is the power series 
(x) o=1+ht+h*? +h 4+--:. 
We have to verify that this makes sense. Any finite sum 
L+h+h?+---+h" 


makes sense because we have defined sums and products of power series. 
Observe that the order of h” is at least n, because h” is of the form 


(—1)"a{T” + higher terms. 
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Thus in the above sum (*), if m>n, then the term h™ has all coefficients 
of order <n equal to 0. Thus we may define the n-th coefficient of @ to 
be the n-th coefficient of the finite sum 


L+h+h?+---+h" 
It is then easy to verify that 


i-hoe=(1-A1+h4+W4+h4+-::) 
is equal to 
1 + a power series of arbitrarily high order, 


and consequently is equal to 1. Hence we have found the desired inverse 
for f. 


Example. Let 


T? T* 
cosT=1—- +47 


be the formal power series whose coefficients are the same as for the 
Taylor expansion of the ordinary cosine function in elementary calculus. 
We want to write down the first few terms of its (formal) inverse, 


1 
cos T 


Up to terms of order 4, these will be the same as 


2! 4! 


1 _,.(@_T*,.. 
(mT, \~*\a at 


—1 1 , 
=1+ 50? + & + 1) T* + higher terms. 


This gives us the coefficients of 1/cos T up to order 4. 
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The substitution of h in the geometric series used to find an inverse 
can be generalized. Let 


f =),a,T" 
be a power series, and let 
h(T)=c,T+:°: 


be a power series whose constant term is 0, so ordh 21. Then we may 
“substitute” h in f to define a power series foh or f(h), by 


(f oh)(T) = f(A(T)) = f oh = dy + ah t ayh? + ash +-- 
in a natural way. Indeed, the finite sums 
Ay t+ ayh+---+a,h" 


are defined by the ordinary sum and product of power series. If m>n, 
then a,,h” has order >n; in other words, it is a power series starting 
with non-zero terms of order >n. Consequently we can define the 
power series f oh as that series whose n-th coefficient is the n-th coefficient 
of 


Ag tayh+---+a,h". 

This composition of power series, like addition and multiplication, 
can therefore be computed by working only with polynomials. In fact, 
it is useful to discuss this approximation by polynomials a little more 
systematically. 

We say that two power series f=) a,T" and g = >b,T" are con- 
gruent mod T™ and write f = g (mod T’) if 


a, = b, for n=0,...,N —1. 
This means that the terms of order < N — 1 coincide for the two power 
series. Given the power series f, there is a unique polynomial P(T) of 
degree < N — 1 such that 
f(T) = P(T) (mod T%), 


namely the polynomial 


P(T) = ao +a,T+:°:: + ay_, TX". 
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If f, = fy and g, = 9, (mod T%), then 
fi +91 =ho +92 and fig, = f2g2 (mod T”). 
If h,, h, are power series with zero constant term, and 


h,=h, (mod TY), 
then 
fi(hi(T)) = f2(h,(T)) (mod T*). 
Proof. We leave the sum and product to the reader. Let us look 
at the proof for the composition f,°h, and f,oh,. First suppose h 


has zero constant term. Let P,, P, be the polynomials of degree N — 1 
such that 


f,=P, and f,=P, (mod T%). 
Then by hypothesis, P, = P, = P is the same polynomial, and 
f,(h) = P(h) = P,(h) = f,(h) (mod T*). 
Next let Q be the polynomial of degree N — 1 such that 
h,(T) = h,(T) = Q(T) (mod T%). 
Write P= a) +a,T+°''+ay_,T*%'. Then 


P(hy) = ap + ayhy +++ + ay_, ht 
Ag t+ a,Q0+°::+ay_,0%7 


= Ag + Ayh, +-** + Ay_yhy™ 
= P(h,) (mod T%). 
This proves the desired property, that f, oh, = f, oh, (mod TY). 

With these rules we can compute the coefficients of various operations 
between power series by reducing the computations to polynomial opera- 
tions, which amount to high-school algebra. Indeed, two power series 
f, g are equal if and only if 

f=g (mod T*) 


for every positive integer N. Verifying that f=g (mod TY’) can be 
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done by working entirely with polynomials of degree < N. 


If f,, f, are power series, then 


(fi + fa)(h) = fi) + fh), 
AAM=AMfrih, and (f/f) = Ahh) 


if ord f, =0. If g, h have constant terms equal to 0, then 


f(g(h)) = (f° g)(h). 


Proof. In each case, the proof is obtained by reducing the statement 
to the polynomial case, and seeing that the required properties hold for 
polynomials, which is standard. For instance, for the associativity of 
composition, given a positive integer N, let P, Q, R be polynomials of 
degree < N — 1 such that 


f =P, g =Q, h=R (mod T%). 
The ordinary theory of polynomials shows that 
P(Q(R)) = (P ° Q)(R). 


The left-hand side is congruent to f(g(h)), and the right-hand side is 
congruent to (f°g)(h) (mod T%) by the properties which have already 
been proved. Hence 


f(g(h)) = (fo g)(h) (mod T™). 
This is true for each N, whence f(g(h)) = (f © g)(h), as desired. 


In applications it is useful to consider power series which have a finite 
number of terms involving 1/z, and this amounts also to considering 
arbitrary quotients of power series as follows. 

Just as fractions m/n are formed with integers m, n and n #0, we can 
form quotients 


f/g = f(T)/9(T) 


of power series such that g #0. Two such quotients f/g and f,/g, are 
regarded as equal if and only if 


foi =fi9, 


which is exactly the condition under which we regard two rational num- 
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bers m/n and m,/n, as equal. We have then defined for power series all 
the operations of arithmetic. 
Let 
f(T) = ay T™ + Gna, T*) 40° = Y a,T" 


n2=m 


be a power series with a,, #0. We may then write f in the form 
f =a,T"(1 + h(T)), 
where h(T) has zero constant term. Consequently 1/f has the form 


1 1 


lip = a,T™ 1+ h(T) 


We know how to invert 1 + h(T), say 
(1+A(T)) + =14+5b,T+5,T7 4°. 
Then 1/f(T) has the shape 


i 


1 
U/f = an am + Im Tet 


7m + tee 
It is a power series with a finite number of terms having negative powers 
of T. In this manner, one sees that an arbitrary quotient can always be 
expressed as a power series of the form 


C_m+1 


pm to +g +¢,T+e,T7 +°°° 


C_m 
f/g = pm + 


If c_,, #0, then we call —m the order of f/g. It is again verified as for 
power series without negative terms that if 


p= fig and 01 =Sfi/91, 
then 
ord gg, = ord g + ord g,. 


Example. Find the terms of order < 3 in the power series for 1/sin T. 
By definition, 
sin T= T — T3/3!+ T°/5!—-:: 
= T(1 — 77/3! + T*/5! —::-). 
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Hence 
1 1 1 
snT T1—72/3!+ T*/5!4+°°: 
1 


(1 + T2/3! — 74/5! + (T?/3!)” + higher terms 


1 1 1 1 ; 
=—+ Ti T + (a — z) T > + higher terms. 


This does what we wanted. 


ll, §1. EXERCISES 


We shall write the formal power series in terms of z because that’s the way they 
arise in practice. The series for sin z, cos z, e’, etc. are to be viewed as formal 
series. 


1. Give the terms of order < 3 in the power series: 


(a) esinz (b) (sin z)(cos z) (c) “— 
(d) e* — COS Z (e) lt (f) cos z 

Zz COS Z Sin Z 
(g) 52 (h) e#/sinz 


COS Z 


2. Let f(z) = ¥.a,z". Define f(—z) =), 4,(—z)" = y\a,(—1)"z". We define f(z) to 
be even if a,=0 for n odd. We define f(z) to be odd if a,=0 for n even. 
Verify that f is even if and only if f(—z)= f(z) and f is odd if and only if 
f(—2) = —f(2). 


3. Define the Bernoulli numbers B, by the power series 


z 2B, 
=) —2" 
e7 — | nzo nN! 
Prove the recursion formula 
Bo B, B.-y 1 if r= 1, 
n!O! (n—1)!1! 1!(n— 1)! 0 ifn>1. 


Then B, = 1. Compute B,, B,, B;, B,. Show that B, = 0 ifn is odd #1. 
4. Show that 
ze? 4 e 7/2 © B,, 


SF 2n 
2072 —e 7/2 25 (2n)! 
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Replace z by 2ziz to show that 


zon 


RZ cot NZ = Y (- eB Ba 


5. Express the power series for tan z, z/simz, zcotz, mm terms of Bernoulli 
numbers. 


6. (Difference Equations). Given complex numbers ap, a), “|, uz define a, for 
n= 2 by 
a, = U,a,_; + U2a,_2. 
If we have a factorization 
T*—u,T—u,=(T—a(T—2o’), and aa’, 
show that the numbers a, are given by 


a, = Aa” + Ba’ 


with suitable A, B. Find A, B in terms of day, a,, a, a. Consider the power 
series 


F(T) = Ya T 


Show that it represents a rational function, and give its partial fraction decom- 
position. 


7. More generally, let a), ...,a,_, be given complex numbers. Let u,, ...,u, be 
complex number such that the polynomial 


P(T) = T’ —(u,T" 1 4+-:-+4,) 
has distinct roots a,, ...,a,. Define a, for n 2r by 
a, =U,a,_, +°°' + u,a,-_,. 
Show that there exist numbers A,, ...,4, such that for all n, 


a, = Ayay t+ +A,a7. 
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We first recall some terminology about series of complex numbers. 
Let {z,} be a sequence of complex numbers. Consider the series 
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We define the partial sum 


n 
Sp= > Me = Zt 2g t+ 2%. 
K=1 


We say that the series converges if there is some w such that 


lim s, =w 


n~>co 


exists, in which case we say that w is equal to the sum of the series, that 
1S, 


S= >a, and t=) , 
then the sum and product converge. Namely, 


A+B=) (a, + B,) 
AB = lim s,t, 


noo 
Let {c,} be a series of real numbers c, = 0. If the partial sums 
yk 
k=1 
are bounded, we recall from calculus that the series converges, and that 
the least upper bound of these partial sums is the limit. 


Let }\a, be a series of complex numbers. We shall say that this series 
converges absolutely if the real positive series 


LA 


converges. If a series converges absolutely, then it converges. Indeed, let 


be the partial sums. Then for m <n we have 


Sn — Sm = Gnt1 $'' + Oy 
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whence 


n 
IS, ~~ Sim < yy | o,|. 
k=m+1 


Assuming absolute convergence, given € there exists N such that if n, 
m = N, then the right-hand side of this last expression is <, thereby 
proving that the partial sums form a Cauchy sequence, and hence that 
the series converges. 

We have the usual test for convergence: 


Let )\ c, be a series of real numbers 20 which converges. If \%,| Sc, 
for all n, then the series )\ a, converges absolutely. 


Proof. The partial sums 


are bounded by assumption, whence the partial sums 


n n 
y la.| S » Ck 


= 
li 
a 


are also bounded, and the absolute convergence follows. 


In the sequel we shall also assume some standard facts about abso- 
lutely convergent series, namely: 


(i) If a series >| % is absolutely convergent, then the series obtained by 
any rearrangement of the terms is also absolutely convergent, and 
converges to the same limit. 

(11) If a double series 


OO oO 
Dd Dann 
n=1 \m=1 

is absolutely convergent, then the order of summation can be inter- 


changed, and the series so obtained is absolutely convergent, and 
converges to the same value. 


The proof is easily obtained by considering approximating partial 
sums (finite sums), and estimating the tail ends. We omit it. 

We shall now consider series of functions, and deal with questions of 
uniformity. 

Let S be a set, and f a bounded function on S. Then we define the 
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sup norm 


Ifls =F = sup F(Z), 


where sup means least upper bound. It is a norm in the sense that for 
two functions f, g we have || f+g\| < lf || + llgil, and for any number c 
we have |\cf || = |c||| f ||. Also f = 0 if and only if || f|| = 0. 

Let {f,} (n= 1,2,...) be a sequence of functions on S. We shall say 
that this sequence converges uniformly on S if there exists a function f on 
S satisfying the following properties. Given ¢€, there exists N such that if 
n= N, then 


lf, -fil<e. 


We say that {f,} is a Cauchy sequence (for the sup norm), if given «, 
there exists N such that if m, n = N, then 


Ifa — Smll < €. 


In this case, for each z € S, the sequence of complex numbers 


{fa(2)} 


converges, because for each z € S, we have the inequality 


| fn(Z) ~ SnalZ)| Ss Wn ~~ Tm |l- 


Theorem 2.1. If a sequence { f,} of functions on S is Cauchy, then it 
converges uniformly. 


Proof. For each ze S, let 
f(z) = lim f,(2). 
Given ¢, there exists N such that if m, n = N, then 


| f(z) — f,,(2)| < €, for all zeS. 


Let n2N. Given zeS select m2 N sufficiently large (depending on z) 
such that 


\f(2) — fnlZ)| < €. 
Then 
lf(z) — falz)| S F(z) — Aal2 + | fal2) — fal2)| 
<é€+ lf — Sul 


< 2e. 
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This is true for any z, and therefore || f — f,|| < 2e, which proves the 
theorem. 


Remark. It is immediately seen that if the functions f, in the theorem 
are bounded, then the limiting function f is also bounded. 


Consider a series of functions, )’ f,. Let 


,=Vhahthtoth 


be the partial sum. We say that the series converges uniformly if the 
sequence of partial sums {s,} converges uniformly. 
A series )/ f, is said to converge absolutely if for each z eS the series 


vf (2)| 


converges. 
The next theorem is sometimes called the comparison test. 


Theorem 2.2. Let {c,} be a sequence of real numbers 2 0, and assume 


that 
don 


converges. Let { f,} be a sequence of functions on S such that || f,|| <c, 
for all n. Then > f, converges uniformly and absolutely. 


Proof. Say m<n. We have an estimate for the difference of partial 
sums, 


n n 
IIS, — Sail S WAS Dc. 
+1 k=m+1 


=m 


The assumption that ) c, converges implies at once the uniform conver- 
gence of the partial sums. The argument also shows that the convergence 
is absolute. 


Theorem 2.3. Let S be a set of complex numbers, and let {f,} be a 
sequence of continuous functions on S. If this sequence converges uni- 
formly, then the limit function f is also continuous. 


Proof. You should already have seen this theorem some time during a 
calculus course. We reproduce the proof for convenience. Let aeS. 
Select n so large that | f—f,||<e. For this choice of n, using the 
continuity of f, at a, select 6 such that whenever |z — a| < 6 we have 


fn(Z) — fn(@)| < €. 
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Then 
f(z) — f@)| SIF) — fal) + [Sal(Z) — Fal] + [Sa(@) — £(@)I- 


The first and third term on the right are bounded by || f— f,|| <«. The 
middle term is < «. Hence 


|f(z) — f(a] < 3¢, 
and our theorem is proved. 
We now consider the power series, where the functions f, are 
f, n(Z) = 4,2", 
with complex numbers a,. 


Theorem 2.4. Let {a,' be a sequence of complex numbers, and let r be 
a number > 0 such that the series 


>, la,|r" 


converges. Then the series )\a,z" converges absolutely and uniformly 
for |z| <r. 


Proof. Special case of the comparison test. 
Example. For any r > 0, the series 
y z"/n! 
converges absolutely and uniformly for |z| <r. Indeed, let 


c, =r"/n!t. 
Then 


Cot ort on! r 


Ch “(nt Dir” ntl 


Take n22r. Then the right-hand side is < 1/2. Hence for all n suffi- 
ciently large, we have 


1 
Cn+1 Ss 2°n- 
Therefore there exists some positive integer ny such that 


C, = C/2"™”, 


[TI, §2] CONVERGENT POWER SERIES 53 


for some constant C and all n 2 np). We may therefore compare our series 
with a geometric series to get the absolute and uniform convergence. 


The series 


exp(z) = y z"/n! 


therefore defines a continuous function for all values of z. Similarly, the 
series 


3 5 fo) 2nt+1 


. Zz zZ zZ 
sIn Z=>Z—-—-—+-—---' = a Dh 
7 317 51 dX "Ont! 
and 
7? 74 OO gon 
cosz=1— 5 tq = XCd (Qn)! 


converge absolutely and uniformly for all |z| <r. They give extensions of 
the sine and cosine functions to the complex numbers. We shall see later 
that exp(z) = e” as defined in Chapter I, and that these series define the 
unique analytic functions which coincide with the usual exponential, sine, 
and cosine functions, respectively, when z is real. 


Theorem 2.5. Let ) a,z" be a power series. If it does not converge 
absolutely for all z, then there exists a number r such that the series con- 
verges absolutely for |z| <r and does not converge absolutely for |z| > r. 


Proof. Suppose that the series does not converge absolutely for all z. 
Let r be the least upper bound of those numbers s = 0 such that 


> lanl s” 


converges. Then ) |a,||z|" diverges if |z| >7r, and converges if |z| <r by 
the comparison test, so our assertion is obvious. 


The number r in Theorem 2.5 is called the radius of convergence of the 
power series. If the power series converges absolutely for all z, then we 
say that its radius of convergence is infinity. When the radius of conver- 
gence is 0, then the series converges absolutely only for z = 0. 

If a power series has a non-zero radius of convergence, then it is 
called a convergent power series. If D is a disc centered at the origin and 
contained in the disc D(0,r), where r is the radius of convergence, then 
we say that the power series converges on D. 

The radius of convergence can be determined in terms of the co- 
efficients. Let t, be a sequence of real numbers. We recall that a point of 
accumulation of this sequence is a number t such that, given ¢, there exist 
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infinitely many indices n such that 
|t, —t| <e. 


In other words, infinitely many points of the sequence lie in a given 
interval centered at t. An elementary property of real numbers asserts 
that every bounded sequence has a point of accumulation (Weierstrass— 
Balzano theorem). 

Assume now that {t,} is a bounded sequence. Let S be the set of 
points of accumulation, so that S looks like Fig. 1. 


AAA Oe A 


Figure 1 


We define the limit superior, lim sup, of the sequence to be 
A = lim sup t, = least upper bound of S. 


Then the reader will verify at once that / is itself a point of accumulation 
of the sequence, and is therefore the largest such point. Furthermore, A 
has the following properties: 


Given €, there exist only finitely many n such that t,24+¢€. There 
exist infinitely many n such that 
t,2A-—e. 


Proof. If there were infinitely many n such that t, 2A+., then the 
sequence {t,} would have a point of accumulation 


ZzAt+eE>A, 


contrary to assumption. On the other hand, since A itself is a point of 
accumulation, given the e-interval about A, there have to be infinitely 
many n such that t, lies in this e-interval, thus proving the second 
assertion. 

We leave it to the reader to verify that if a number 4 has the above 
properties, then it is the lim sup of the sequence. 


For convenience, if {t,} is not bounded from above, we define its 
lim sup to be infinity, written oo. 
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As an exercise, you should prove: 
Let {t,}, {s,} be sequences of real numbers = 0. Let 


t = lim sup t, and s = lim sup s,,. 


Then 
lim sup(t, + s,) St+s. 


If t #0, then 


lim sup(t, s,) < ts. 


If lim t, exists, then t = lim t,. 


n>o@ n-> 00 


This last statement says that if the sequence has an ordinary limit, then 
that limit is the lim sup of the sequence. 

The second statement is often applied in case one sequence has a 
lim sup, and the other sequence has a limit #0. The hypothesis t # 0 is 
made only to allow the possibility that s = oo, in which case ts is under- 
stood to be oo. If s# 0, and t# o, and limt, exists, then it is true 
unrestrictedly that 


lim sup(t,s,,) = ts. 


Theorem 2.6. Let )\a,z" be a power series, and let r be its radius of 
convergence. Then 


1 ; 
— = lim sup |a,|"”". 
r 


If r =0, this relation is to be interpreted as meaning that the sequence 
{\a,|'"} is not bounded. If r=, it is to be interpreted as meaning 
that lim sup |a,|*/" = 0. 


Proof. Let t = lim sup|a,|'". Suppose first that t 40, oo. Given € > 0, 
there exist only a finite number of n such that |a,|'/" => t+ ¢. Thus for all 
but a finite number of n, we have 


la,| S(t + €)", 
whence the series )a,z” converges absolutely if |z| < 1/(t+ 6), by com- 


parison with the geometric series. Therefore the radius of convergence r 
satisfies r > 1/(t + €) for every « > 0, whence r 2 1/t. 
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Conversely, given ¢€ there exist infinitely many n such that |a,|'" 2 t — «, 
and therefore 


|a,| 2 (t — €)”. 


Hence the series 5> a,z” does not converge if |z| = 1/(t—), because its 
n-th term does not even tend to 0. Therefore the radius of convergence r 
satisfies r < 1/(t — €) for every «€ > 0, whence r < 1/t. This concludes the 
proof in case t 0, 00. 


The case when t=0 or o will be left to the reader. The above 
arguments apply, even with some simplifications. 


Corollary 2.7. If lim |a,|'" = t exists, then r = 1/t. 


Proof. If the limit exists, then t is the only point of accumulation of 
the sequence |a,|'", and the theorem states that t = 1/r. 


Corollary 2.8. Suppose that )\a,z" has a radius of convergence greater 
than 0. Then there exists a positive number C such that if A > 1/r then 


la,| CA" _—for all n. 


Proof. Let s=1/A so 0<s<r at the beginning of the proof of the 
theorem. 


In the next examples, we shall use a weak form of Stirling’s formula, 
namely 


n!=n"e"u, where limu}”" = 1. 


You can prove this estimate by comparing the integral 


| log x dx =nlogn—n+1 


1 


with the upper and lower Riemann sums on the interval [1, n], using the 
partition consisting of the integers from 1 to n. This is a very simple 
exercise in calculus. Exponentiating the inequalities given by the 
Riemann sums yields the weak form of Stirling’s formula. 

Let {a,}, {b,} be two sequences of positive numbers. We shall write 


a, = b, for n7o 


if for each n there exists a positive real number u, such that lim u/" = 1, 


and a,=b,u,. If lim aj” exists, and a, = b,, then lim 5!" exists and is 


equal to lim a,’". We can use this result in the following examples. 
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Example. The radius of convergence of the series }' n! z” is 0. Indeed, 
we have n! = n"e~" and (n!)"" is unbounded as n— 0. 


Example. The radius of convergence of )'(1/n!)z” is infinity, because 
1/n! = e"/n" so (1/n!)'" +0 as n- oo. 


Example. The radius of convergence of ) (n!/n")z" is e, because 
n/n" =e", so lim(n!/n")'" = e7}. 


Ratio Test. Let {a,} be a sequence of positive numbers, and assume that 
lim Qy41/Q, = A 20. Then lim a; "=A also. 


Proof. Suppose first A > 0 for simplicity. Given « > 0, let mg be such 


that A —€ S$ dni} /a, S A+eE ifn Zn. Without loss of generality, we can 
assume «€ < A so A—e>0O. Write 


ay ie Ak+1 ie k+l 


kat TK any TH 
Then by induction, there exist constants C;(e€) and C>(e) such that 
Ci(€)(A —€)" ™ Sa, S Cy(e)(At+e)” ”, 
Put Ci(e) = Ci(e)(A —€) ” and Cy(e) = Cy(e)(A +e)”. Then 
Ci(e)'/"(A — €) Say! S$ C(e)'"(A +). 
There exists N = np such that for n = N we have 
Ci(e)'/" =1+6,(n) where |5;(n)| < €/(A — 6), 
and similarly Cj(e)'/” = 1+ (n) with |62(n)| < «/(A+e). Then 
A-—€+6,(n)(A—©) Sal" S$ A+e+6)(n)(A +6). 


This shows that la}! " — A| < 2e, and concludes the proof of the ratio test 


when A > 0. If A =0, one can simply replace the terms on the left of the 
inequalities by 0 throughout. 


Example (The Binomial Series). Let « be any complex number # 0. 
Define the binomial coefficients as usual, 


(*)-"e= 0 ‘(a@=n+ 1) 


n n! 
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and the binomial series 


(1+ 7) = B(T) = Y, (*) T 


By convention, 


The radius of convergence of the binomial series is 1 if a is not equal to 
an integer = 0. 


Proof. Under the stated assumption, none of the coefficients a, are 0, 
and we have 
a—n 


a a,| = |- 
lGn+1/Qn| n+1 


° 


The limit is 1 as n> 00, so we can apply the ratio test. 


Warning. Let r be the radius of convergence of the series f(z). 
Nothing has been said about possible convergence if |z| =r. Many cases 
can occur concerning convergence or non-convergence on this circle. See 
Exercises 6 and 8 for example. 


ll, §2. EXERCISES 


1. Let |a|<1. Express the sum of the geometric series )~, a” in its usual 
simple form. 


2. Let r be a real number, 0 <r < 1. Show that the series 


oe) 
rein? and y pile ind 


0 n=—c 


Ms 


n 


converge (8 is real). Express these series in simple terms using the usual 
formula for a geometric series. 


3. Show that the usual power series for log(1 + z) or log(1 — z) from elementary 
calculus converges absolutely for |z| < 1. 


4. Determine the radius of convergence for the following power series. 


(a) So n"z” (b) } z"/n" 

(c) ¥ 2"2" (d) > (log n)?z” 

(e) 5 2>"2" (f) >. n?z" 
ni (n'y? 

(g) y) yn (h) y Gn)! z 
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10. 


11. 


. Let f(z) =) a,z" have radius of convergence r > 0. Show that the following 


series have the same radius of convergence: 
(a) } na,z" (b) } n?a,z" 


(c) y n‘a,z" for any positive integer d (d) y na,z"—} 
n2i 


. Give an example of a power series whose radius of convergence is 1, and 


such that the corresponding function is continuous on the closed unit disc. 
[Hint: Try ¥ z"/n?.] 


. Let a, b be two complex numbers, and assume that b is not equal to any 


integer < 0. Show that the radius of convergence of the series 


ya + 1):--(a+ mn). 
b(b + 1):::(b +n) 


is at least 1. Show that this radius can be oo in some cases. 


. Let {a,} be a decreasing sequence of positive numbers approaching 0. Prove 


that the power series )' a,z” is uniformly convergent on the domain of z such 
that 
(z} <1 and |z—1| 26, 


where 6 > 0. [Hint: For this problem and the next, use summation by parts, 
see Appendix, §1.] 


(0.8) 
. (Abel’s Theorem). Let 5° a,z" be a power series with radius of convergence 


n=0 


00 
2 1. Assume that the series ) a, converges. Let 0 <x <1. Prove that 
n=0 


ie. ¢) oO 
lim } a,x"= ) a,. 
n=0 


x71 n=0 


Remark. This result amounts to proving an interchange of limits. If 


n 
S,(X) = » a,x", 
k=1 


then one wants to prove that 


lim lim s,(x) = lim lim s,(x). 


no x71 x71 no 


Cf. Theorem 3.5 of Chapter VII in my Undergraduate Analysis, Springer- 
Verlag, 1983. 


Let )' 4,2" and > b,z" be two power series, with radius of convergence r and 
S, respectively. What can you say about the radius of convergence of the 
series: 


(a) }(a, + 5,)z" (b) > a,b,z"? 


Let a, B be complex numbers with |a| < ||. Let 


f(z) = YBa" — 5B")2" 
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Determine the radius of convergence of f(z). 


12. Let {a,} be the sequence of real numbers defined by the conditions: 
dy = 1, a, = 2, and Ay = An, + An—2 for n22. 


Determine the radius of convergence of the power series 


[ Hint: What is the general solution of a difference equation? Cf. Exercise 6 
of §1.] 


13. More generally, let u,, u. be complex numbers such that the polynomial 
P(T) = T* — u,T — u, = (T — «,)(T — a) 
has two distinct roots with |«,| <|a,|. Let aj, a, be given, and let 
A, = Ua, + U,a,_> for n22. 


What is the radius of convergence of the series }\ a,T"? 


ll, §3. RELATIONS BETWEEN FORMAL AND 
CONVERGENT SERIES 


Sums and Products 
Let f = f(T) and g =g(T) be formal power series. We may form their 


formal product and sum, f+g and fg. If f converges absolutely for 
some complex number z, then we have the value f(z), and similarly for 


g(z). 


Theorem 3.1. If f, g are power series which converge absolutely on the 
disc D(O, r), then f + g and fg also converge absolutely on this disc. If a 
is a complex number, af converges absolutely on this disc, and we have 


(f + g)(z) = f(z) + g(z), = (fg) (2) = F(2)g(2), 
(af )(z) = a: f(z) 
for all z in the disc. 


Proof. We give the proof for the product, which is the hardest. Let 


f= a,T" and g=b,T", 
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so that 
fg=}.¢,T", where c,= > a,b,-,- 
k=0 


Let 0<s<r. We know that there exists a positive number C such that 
for all n, 

la, SC/s" and = |b,| S C/s”. 
Then 


n CC n+ 1)C? 
Ic,| S » \a,.5,-«| S (n+ 1I)=—>z = nee 
k=0 S S 


~ 


Therefore 
(n + 1)!"C2! 
; 


len" S 


But lim (n + 1)"C*" = 1. Hence 


nw7wmw 
lim sup |c,|'" < 1/s. 


This is true for every s<r. It follows that lim sup|c,|‘”" < 1/r, thereby 
proving that the formal product converges absolutely on the same disc. 
We have also shown that the series of positive terms 


s y | a;,||b,—4| 121" 


n=0 k=O 


COonverges. 
Let 
fy(T) = ao + a,T + “ee + ayT, 


and similarly, let g,(T) be the polynomial consisting of the terms of 
order < N in the power series for g. Then 


f(z) =lim fy(z) and g(z) = lim gy(2). 


Furthermore, 


fav(2) — ful2dan(2)i < YY. lagl Ig yl l2l" 


o 6) 
n=N+1 k=0 


In view of the convergence proved above, for N sufficiently large the 
right-hand side is arbitrarily small, and hence 


S{z)g(z) = lim In(2)9n(2z) = (f9)(2), 
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thereby proving the theorem for the product. 


The previous theorem shows that a formal power series determines a 
function on the disc of absolute convergence. We can raise the question: 
If two formal power series f, g give rise to the same function on some 
neighborhood of 0, are they equal as formal power series? Subtracting g 
from f, this amounts to asking: If a power series determines: the zero 
function on some disc centered at the origin, is it the zero series, i.e. are 
all its coefficients equal to 0? The answer is yes. In fact, more is true. 


Theorem 3.2. 


(a) Let f(T) => 5a,T” be a non-constant power series, having a non- 
zero radius of convergence. If f(0) =0, then there exists s>0 such 
that f(z) £0 for all z with |z| Ss, and z #0. 

(b) Let f(T) =) a,T" and g(T) = 5->b,T" be two convergent power 
series. Suppose that f(x) = g(x) for all points x in an infinite set 
having 0 as a point of accumulation. Then f(T) =g(T), that is 
An = by, for all n. 


Proof. We can write 


f(z) =a,,z2” + higher terms, and a,, #0 
=a,,2™(1 + b,z + 6,27 + °°) 
=a,2™(1 + h(z)), 


where h(z) = b,z + bz” +-:: is a power series having a non-zero radius 
of convergence, and zero constant term. For all sufficiently small |z|, the 
value |h(z)| is small, and hence 


1 + h(z) #0. 


If z #0, then a,z”" #0. This proves the first part of the theorem. 

For part (b), let h(t) = f(T) — 9(T) = (a, — ,)T". We have h(x) = 0 
for an infinite set of points x having 0 as point of accumulation. By part 
(a), this implies that h(T) is the zero power series, so a, =, for all n, 
thus proving the theorem. 


Example. There exists at most one convergent power series f(T) = 
>, 4,1” such that for some interval [—e¢, €] we have f(x) = e* for all x in 
[—¢,¢]. This proves the uniqueness of any power series extension of the 
exponential function to all complex numbers. Similarly, one has the 
uniqueness of the power series extending the sine and cosine functions. 


[II, §3] © RELATIONS BETWEEN FORMAL AND CONVERGENT SERIES 63 


Furthermore, let exp(z) = ) z”"/n!. Then 


exp(iz) = > (iz)"/n!. 


Summing over even n and odd n, we find that 

exp(iz) = C(z) + iS(z), 
where C(z) and S(z) are the power series for the cosine and sine of z 
respectively. Hence e” for real @ coincides with exp(i@) as given by the 


power series expansion. 
Quite generally, if g(T), h(T) are power series with 0 constant term, then 


exp(g(T) + A(T)) = (exp g(T)) (expA(T)). 
Proof. On one hand, by definition, 


exp(g(T) + h(T)) = y+ DY 


n=0 


and on the other hand, 


(exp g(T)) (expA(T)) = \ sD MT)" 
= ! ! 


— i OK\(n—k)! 
_ FATIH)" oo 
n=0 ° 


In particular, for complex numbers z, w we have 
exp(z + w) = (expz)(expw), 


because we can apply the above identity to g(T) = zT and h(T) = wT, and 
then substitute JT = 1. Thus we see that the exponential function e” defined 
in Chapter I has the same values as the function defined by the usual power 
series exp(z). From now on, we make no distinction between e’ and exp(z). 

Theorem 3.2 also allows us to conclude that any polynomial relation 
between the elementary functions which have a convergent Taylor expan- 
sion at the origin also holds for the extension of these functions as 
complex power series. 


Example. We can now conclude that sin? z+ cos? z = 1, where sinz = 
S(z), cosz=C(z) are defined by the usual power series. Indeed, the 
power series S(z)*+C (z)° has infinite radius of convergence, and has 
value | for all real z. Theorem 3.2 implies that there is at most one series 
having this property, and that is the series 1, as desired. It would be 
disagreeable to show directly that the formal power series for the sine and 
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cosine satisfy this relation. It is easier to do it through elementary calculus 
as above. 


Example. Let m be a positive integer. We have seen in §2 that the 
binomial series 
Biz)=> (*) z" 
n 


with « = 1/m has a radius of convergence 2 1, and thus converges ab- 
solutely for |z} < 1. By elementary calculus, we have 


B(x)"=1+x 


when x is real, and |x| < 1 (or even when |x| is sufficiently small). There- 
fore B(T)” is the unique formal power series such that 


B(x)" =1+x 
for all sufficiently small real x, and therefore we conclude that 
B(T)” = 14+ T. 
In this manner, we see that we can take m-th roots 
(1 + 2)" 


by the binomial series when |z| < 1. 


Quotients 


In our discussion of formal power series, besides the polynomial rela- 
tions, we dealt with quotients and also composition of series. We still 
have to relate these to the convergent case. It will be convenient to 
introduce a simple notation to estimate power series. 

Let f(T) =) a,T” be a power series. Let 


o(T) =) \c,T" 


be a power series with real coefficients c, = 0. We say that f is domi- 
nated by gy, and write 


f<o or f(T)<o(T), 


if |a,| <c, for all n. It is clear that if ~, wy are power series with real co- 
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efficients = 0 and if 


f<9, 9<y, 
then 
f+g<go+w and fg~<oy. 
Theorem 3.3. Suppose that f has a non-zero radius of convergence, and 
non-zero constant term. Let g be the formal power series which is inverse 


to f, that is, fg = 1. Then g also has a non-zero radius of convergence. 


Proof. Multiplying f by some constant, we may assume without loss 
of generality that the constant term is 1, so we write 


f=1+a,T+a,T* +°::=1-—A(T), 


where h(T) has constant term equal to 0. By Corollary 2.8, we know 
that there exists a number A > 0 such that 


la,,;S AX on 2. 


(We can take C = 1 by picking A large enough.) Then 


1 t 
= SH 1H A(T) + (TY + - 
fia 1 4M) 
But 
00 AT 
h(T AT" = , 
( <2) 1— AT 
Therefore 1/f(T) = g(T) satisfies 
ry<i4—4P_ 4 4 ye 
gT) [-AT (1 ATP AT 
1— AT 
But 
l 
a7 =(1— AT)(1 + 2AT + (2AT)? + °::) 
{ — 
1—AT 


<(1+ AT)(1 + 2AT + (2AT)? + °°:). 


Therefore g(T) is dominated by a product of power series having non- 
zero radius of convergence, whence g(T) itself a non-zero radius of con- 
vergence, as was to be shown. 
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Composition of Series 
Theorem 3.4. Let 


f(z)= Yaz" and h(z) = YB, 2” 


nz n21 


o 


be convergent power series, and assume that the constant term of h is 0. 
Assume that f(z) is absolutely convergent for |z| <r, with r>0, and 
that s > 0 is a number such that 


¥ lls" Sr. 


Let g = f(h) be the formal power series obtained by composition, 


g(T) = » an (3 arty, 


n=O 
Then g converges absolutely for |z| <s, and for such z, 
g(z) = f(h(z)). 


Proof. Let g(T) = )\c,T". Then g(T) is dominated by the series 


g(T) < y al |b, r*) 


and by hypothesis, the series on the right converges absolutely for |z| < s, 
So g(z) converges absolutely for |z| < s. Let 


fy(T) — ao + a,T + eee + An-1 TN7! 
be the polynomial of degree = N — 1 beginning the power series f. Then 


n 
2 


fAn(T)) — f(T) < ¥ tal $l T*) 


and f(h(T)) = g(T) by definition. By the absolute convergence we con- 
clude: Given ¢€, there exists Ny such that if N = Nj and |z| <s, then 


\g(z) — fy(h(z))| < e. 


Since the polynomials fy converge uniformly to the function f on the 
closed disc of radius r, we can pick N, sufficiently large so that for 
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N 2 No we have 


fulh(z)) — f(A(z))| < €. 
This proves that 
|g(z) — f(A(z))| < 2«, 


for every €, whence g(z) — f(h(z)) = 0, thereby proving the theorem. 


Example. Let m be a positive integer, and let h(z) be a convergent 
power series with zero constant term. Then we can form the m-th root 


(1 + h(z))™ 


by the binomial expansion, and this m-th root is a convergent power 
series whose m-th power is | + h(z). 


Example. Define 


n 


fw) = ¥ (=a 


Readers should immediately recognize that the series on the right is the 
usual series of calculus for log(1 + w) when w=.x and x is real. This 
series converges absolutely for |w| < 1. We can therefore define log z for 
|Iz— 1], <1 by 


log z = f(z — 1). 


We leave it as Exercise 1 to verify that exp log z = z. 


ll, §3. EXERCISES 


1. (a) Use the above definition of log z for |z — 1] < 1 to prove that exp log z = z. 
[ Hint: What are the values on the left when z = x is real?] 


(b) Let z) #0. Let a be any complex number such that exp(a) =z). For 
\z _— Zo| < \Zo| define 


loge = (2-1) += s(22%) +0 
0 


Prove that exp log z = z for |z — Zo| < |Zol. 


Warning. The above definitions in parts (a) and (b) may differ by a 
constant. Since you should have proved that exp log z = z in both cases, 
and since exp(w;) = exp(w2) if and only if there exists an integer k such 
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that w; = w2 + 2zik, it follows that if we denote the two logs by log, and 
logy, respectively, then log, (z) = log,(z) + 2zik. 


2. (a) Let exp(T) = 5-7) T”/n! and log(1 + T) = y3_(-1)*'T*/k. Show that 
exp log(1+7T)=1+T7 and logexp(7) =T. 


(b) Let 4\(T) and h2(T) be formal power series with 0 constant terms. Prove 
that log((1+/(T)) (1+ 42(T))) = log(1 + 41(T)) + log(1 + A2(T)). 
(c) For complex numbers a, 8 show that log(1 + 7)” = alog(1+7) and 


(L+7)°(1+T7)% =(14+T7). 
3. Prove that for all complex z we have 


ez + e @ 
cos z = ——_——— and sin z = ——__—_. 
2 2i 


4. Show that the only complex numbers z such that sin z = 0 are z = kn, where k 
is an integer. State and prove a similar statement for cos z. 


5. Find the power series expansion of f(z) = 1/(z + 1)(z + 2), and find the radius 
of convergence. 


6. The Legendre polynomials can be defined as the coefficients P,(«) of the series 
expansion of 
1 
I@) = G99 4 DP 


=14+P,(a)z+ P,(a)z* +--+ Paz" +-°:. 


Calculate the first four Legendre polynomials. 


lil, §4. ANALYTIC FUNCTIONS 


So far we have looked at power series expansions at the origin. Let f be 
a function defined in some neighborhood of a point z). We say that f is 
analytic at z, if there exists a power series 


) a,,(Z ~~ Zo)" 


= 
Hl 
Oo 


and some r > 0 such that the series converges absolutely for |z — z)| <7, 
and such that for such z, we have 


fle) = Y) aglz — 20) 
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Suppose f is a function on an open set U. We say that f is analytic on 
U if f is analytic at every point of U. 

In the light of the uniqueness theorem for power series, Theorem 3.2, 
we see that the above power series expressing f in some neighborhood of 
Zo 18S uniquely determined. We have 


f(Z) =9 if and only if a ,=0. 


A point z, such that f(z)) =0 is called a zero of f. Instead of saying 
that f is analytic at z), we also say that f has a power series expansion 
at z, (meaning that the values of f(z) for z near z) are given by an ab- 
solutely convergent power series as above). 

If S is an arbitrary set, not necessarily open, it is useful to make the 
convention that a function is analytic on S if it is the restriction of an 
analytic function on an open set containing §. This is useful, for in- 
stance, when S is a closed disc. 

The theorem concerning sums, products, quotients and composites of 
convergent power series now immediately imply: 


If f, g are analytic on U, so are f +9, fg. Also f/g is analytic on the 
open subset of ze U such that g(z) 4 0. 


If g: U > V is analytic and f: V >C is analytic, then f og is analytic. 
For this last assertion, we note that if z9 € U and g(Zo) = Wo, so 
g(z) = Wo + S balz _ zo)” and f(w) = So an(w — Wo)” 
n=1 n=0 


for w near wo, then g(z) — wo is represented by a power series h(z — Zo) 
without constant term, so that Theorem 3.4 applies: We can “substitute”’ 


f(g(2)) = YX a,(g(2) — Wo)" 


to get the power series representation for f(g(z)) in a neighborhood of 
Zo- 

The next theorem, although easy to prove, requires being stated. It 
gives us in practice a way of finding a power series expansion for a 
function at a point. 


Theorem 4.1. Let f(z) =)  a,z" be a power series whose radius of con- 
vergence is r. Then f is analytic on the open disc D(O,r). 


Proof. We have to show that f has a power series expansion at an 
arbitrary point z,) of the disc, so |zp|<r. Let s>0O be such that 
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Zo] +s<r. We shall see that f can be represented by a convergent 
power series at z),, converging absolutely on a disc of radius s centered 


at Zo. 


Figure 2 
We write 
Z= 29+ (Z — Zo) 
so that 
2" = (z,) + (z — z0))". 
Then 


fle) = ¥ a( 5 (") Zo — zo) 


k=0 


If |z — Z| < s then |Z)| + |z — z)>| <r, and hence the series 


e8) oO n n _ 
¥ lallzl + le —z0lh = ¥ lal] § (PtH — zl 
n=0 n=0 k=0 


converges. Then we can interchange the order of summation, to get 


fo=F b a, (") | (2 — zo}, 
k=O | n=k k 


which converges absolutely also, as was to be shown. 


Example. Let us find the terms of order <3 in the power series 
expansion of the function 


f(z) = 2°(z + 2) 
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at the point z) = 1. We write 
z=1+(z-—1), z+2=3+(z-— 1). 


Let = denote congruence mod(z — 1)* (so disregard terms of order > 3). 
Then 


z=1+42(z2—1)4+(z- 1) 
2+2=3(1+56-1) 


1 _ 1 
z+2 3 


1 


1 1 1 3. 
=3(1-Fe- D+ pe- I-32 -0 + ) 


Hence 


yg = + 2@-D)+E-)) 


1 1 1 1 
* i(! ~3@-Dtge- IW — ge 0" 


if. 5 1 1 , (12 1 
=ffitse-n+(F4p)e-o +(-f+3-p)e- | 


These are the desired terms of the expansion. 


Remark. Making a translation, the theorem shows that if f has a 
power series expansion on a disc D(zg, r), that is, 


f(2) =) a,(Z — 20)" 


for |z — Zo| <r, then f is analytic on this disc. 


ll, §4. EXERCISES 
1. Find the terms of order <3 in the power series expansion of the function 
f(z) = 27(z — 2) at z=1. 


2. Find the terms of order <3 in the power series expansion of the function 
f(z) = (z — 2y(z + 3)(z + 2) at z= 1. 
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li, §5. DIFFERENTIATION OF POWER SERIES 


Let D(0,r) be a disc of radius r>0. A function f on the disc for which 
there exists a power series ) a,z" having a radius of convergence 2r 
and such that 


f(z) = 4,2" 


for all z in the disc is said to admit a power series expansion on this disc. 
We shall now see that such a function is holomorphic, and that its 
derivative is given by the “obvious” power series. 

Indeed, define the formal derived series to be 


y\ na,z") = a, + 2a,z + 3a327 + °°. 


Theorem 5.1. If f(z) => 4,2" has radius of convergence r, then: 


(i) The series )\ na,z"~* has the same radius of convergence. 
(ii) The function f is holomorphic on D(0,r), and its derivative is equal 
to)’ na,z""". 


Proof. By Theorem 2.6, we have 


lim sup |a, |!" = 1/r. 
But 
lim sup |na,|'/" = lim sup n‘/"|a,|*". 


Since lim n’” = 1, the sequences 
jna,|" and fa, |" 


have the same lim sup, and therefore the series }' a,z" and )) na,z" have 
the same radius of convergence. Then 


Yna,z"' and YJ na,z" 


converge absolutely for the same values of z, so the first part of the 
theorem is proved. 


As to the second, let |z| <r, and 6 >0 be such that jz} +d0<r. We 
consider complex numbers h such that 


|h| < 6. 
We have 
f(z +h) =) a,(z + hy" 
=) a,(z" + nz" *h + h?P(z, h)), 
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where P.(z,h) is a polynomial in z and h, with positive integer coeffi- 
cients, in fact 


P(z, h) = y (lean 


k=2 


Note that we have the estimate: 


irl IS (} or *\2|"-* = P(|2l, 3) 


Subtracting series, we find 


f(z +h) — f(z) — ¥ na,z""h = h? ¥ a,P,(z, h), 


and since the series on the left is absolutely convergent, so is the series 
on the right. We divide by h to get 


ee y na,z" | =h Y a, P,(z, h). 


For |h| < 6, we have the estimate 
1d) 2nP,(Z,A)| SD lanl | Pa(z, *)| 
S Dilan |Pn(lzZ|, 4). 
This last expression is fixed, independent of h. Hence 
|h >) a, P,(z, h)| S |h| Y) layl P,(1Z1, 4). 
As h approaches 0, the right-hand side approaches 0, and therefore 


lim |h ¥. a,P,(z, h)| = 0. 
h-O 


This proves that f is differentiable, and that its derivative at z is given by 
the series }' na,z"~’, as was to be shown. 


Remark. Conversely, we shall see after Cauchy’s theorem that a func- 
tion which is differentiable admits power series expansion—a very re- 
markable fact, characteristic of complex differentiability. 


From the theorem, we see that the k-th derivative of f is given by the 


series 
f(z) = k! a, + h,(2), 
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where h, is a power series without constant term. Therefore we obtain 
the standard expression for the coefficients of the power series in terms of 
the derivatives, namely 


If we deal with the expansion at a point z,, namely 
F(Z) = do + a4(2z — 29) + a2(z — 29)? + °°, 


then we find 


has radius of convergence at least r, because its coefficients are smaller in 
absolute value than the coefficients of f. Since the derivative of this 
integrated series is exactly the series for f, it follows from Theorem 6.1 
that the integrated series has the same radius of convergence as f. 

Let f be a function on an open set U. If g is a holomorphic function 
on U such that g’ = f, then g is called a primitive for f. We see that a 
function which has a power series expansion on a disc always has a 
primitive on that disc. In other words, an analytic function has a local 
primitive at every point. 


Example. The function 1/z is analytic on the open set U consisting of 
the plane from which the origin has been deleted. Indeed, for z) #0, we 
have the power series expansion 


1 1 1 1 


zZ Zo + Z— Zo Zo (1 + (z ~— Zo)/Zo) 


=i (1 ~ ten) + ~) 
Z0 Zo 


converging on some disc |z — z)| <r. Hence 1/z has a primitive on such 
a disc, and this primitive may be called log z. 
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ll, §5. EXERCISES 


In Exercises 1 through 5, also determine the radius of convergence of the given 
series. 


1. Let 


2n 


f= L Onl 


Prove that f”(z) = f(z). 


2. Let 
re) gon 
M2) = x, (n 1)? 

Prove that 
z°f"(z) + 2f'(z) = 427f(z). 
3. Let 
z> 2? 2? 
IQa2-yteragt 


Show that f’(z) = 1/(z? + 1). 
4. Let 


oO —1)"/z 2n 
- 3 (nt? \2 () 


22J"(z) + zJ'(z) + 22S (z) = 


Prove that 


5. For any positive integer k, let 


oO 1)" Z 2n+k 
J,(z) = 5 (5) . 


Z7Ji'(z) + 2Jp(2) + (2? — k?) (2) = 


Prove that 


6. (a) For |z — 1| < 1, show that the derivative of the function 


log z = log(1 +(z— 1)) = y (— 1"! en” 
n=1 
is 1/z. 


(b) Let z, #0. For |z—Zo| <1, define f(z) = ¥.(—1)""1((z — zo)/zo)"/n. Show 
that f’(z) = 1/z. 
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ll, §6. THE INVERSE AND OPEN MAPPING THEOREMS 


Let f be an analytic function on an open set U, and let f(U)=V. We 
shall say that f is an analytic isomorphism if V is open and there exists 
an analytic function 


g.V-U 


such that fog = id, and go f = id,, in other words, f and g are inverse 
functions to each other. 

We say that f is a local analytic isomorphism or is locally invertible at 
a point z, if there exists an open set U containing z, such that f is an 
analytic isomorphism on U. 


Remark. The word “inverse” is used in two senses: the sense of §1, 
when we consider the reciprocal 1/f of a function f, and in the current 
sense, which may be called the composition inverse, 1.c. an inverse for the 
composite of mappings. The context makes clear which is meant. In this 
section, we mean the composition inverse. 


Theorem 6.1. 


(a) Let f(T) =a,T + higher terms be a formal power series with 
a, #0. Then there exists a unique power series g(T) such that 
f(g(T)) = T. This power series also satisfies g( f(T)) = T. 

(b) If f is a convergent power series, so is g. 

(c) Let f be an analytic function on an open set U containing 2p. 
Suppose that f'(Z)) #0. Then f is a local analytic isomorphism at 
Zo: 


Proof. We first deal with the formal power series problem (a), and we 


find first a formal inverse for f(T). For convenience of notation below 
we write f(T) in the form 


f(T) =a,T— > a,T”. 
We seek a power series 


g(T) = Y, b,T" 
such that 
f(g(T)) = T. 


The solution to this problem is given by solving the equations in terms 
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of the coefficients of the power series 
a,g(T) — a,g(T)’ — +: =T. 
These equations are of the form 
a,b, — P,(dy, ..+5An, by, ...50,-1) = 9, and a,b, =1 forn=1, 


where P, is a polynomial with positive integer coefficients (generalized 
binomial coefficients). In fact, one sees at once that 


P(Q5, .-+5Ans Dy, «++ 5D,-1) 
= GyP, (Dy, -+-sDy-y) + 7° + Oy Pa n(Oy, + sDp-1)s 


where again F, , is a polynomial with positive coefficients. In this man- 
ner we can solve recursively for the coefficients 


b,, by, «-. 


since b, appears linearly with coefficient a, #0 in these equations, and 
the other terms do not contain b,. This shows that a formal inverse 
exists and is uniquely determined. 

Next we prove that g(f(T))=T. By what we have proved already, 
there exists a power series h(T) = c,T + higher terms with c, #0 such 
that g(h(T)) = T. Then using f(g(T)) = T and g(h(T)) = T, we obtain: 


g(f(T)) = g(f(g(H(T)))) = g(A(T)) = T, 


which proves the desired formal relation. 

Assume next that f is convergent. 

We must now show that g(z) is absolutely convergent on some disc. 
To simplify the number of symbols used, we assume that a, = 1. This 
loses no generality, because if we find a convergent inverse power series 
for aj'f(z), we immediately get the convergent inverse power series for 
f(z) itself. 


ret f*(T)=T— ¥. akT" 


n2=2 


be a power series with a* real 2 0 such that |a,| < a¥ for all n. Let 9(T) 
be the formal inverse of f*(T), so 


o(T)= }c,T", cy=1. 
n21 


Then we have 
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c, — P,(ak, ...,d%, C1, ..-5C,-1) = 0 


with those same polynomials P, as before. By induction, it therefore 
follows that c, is real 2 0, and also that 


[bul S Cn, 


since b, = P,(a,,...,b,-,). It suffices therefore to pick the series f* so 
that it has an easily computed formal inverse @ which is easily verified to 
have a positive radius of convergence. 

It is now a simple matter to carry out this idea, and we pick for f* a 
geometric series. There exists A > 0 such that for all n we have 


|a,| S A". 


(We can omit a constant C in front of A” by picking A sufficiently large.) 
Then 


AT? 
*(T)=T— ¥ AT" =T— , 
f*(T) x {AT 


The power series ~(T) is such that f*(o(T)) = T, namely 


A’ (TY 
9(T) - ——_ =, 
1 — Ag(T) 
which is equivalent with the quadratic equation 
(A? + A)p(T)* — (1 + AT)9(T) + T = 0. 


This equation has the solution 


1+ AT—./(1+ AT)? —4T(A? + A) 


oD) = 2(A? + A) 


The expression under the radical sign is of the form 


4 ay (i 4T(A2 + ?) 


~ (1+ ATY 


and its square root is given by 


G4 n(i ama +" 


(1+ AT) 


We use the binomial expansion to find the square root of a series of the 
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form 1 +h(T) when h(T) has zero constant term. It is now clear that 
p(T) is obtained by composition of convergent power series, and hence 
has a non-zero radius of convergence. This proves that the power series 
g(T) also converges. 


Finally, for (c), suppose first that z9 = 0 and f(z.) = 0, so f is analytic 
on an open set containing 0. This means that f has a convergent power 
series expansion at 0, so we view f as being defined on its open disc of 
convergence 


f:D-C. 


Let Vo be an open disc centered at 0 such that V, is contained in the disc 
of convergence of g, and such that g(V,) < D. Such a neighborhood of 0 
exists simply because g is continuous. Let U, = f~'(Vo) be the set of all 
zé€D such that f(z) <c Vo. Let 


fo: Up > Vo 


be the restriction of f to Uy. We claim that f) is an analytic isomor- 
phism. Note that g(Vo) < Up because for we Vy we have f(g(w)) = w by 
Theorem 3.4, so we consider the restriction g) of g to Vo as mapping 


Again by Theorem 3.4, for ze Uy we have go(fo(z)) = z, which proves 
that f) and go are inverse to each other, and concludes the proof of 
Theorem 6.1(c) in case z, = 0 and f(z.) = 0. 

The general case is reduced to the above case by translation, as one 
says. Indeed, for an arbitrary f, with f(z) =} a,(z — zo)", change vari- 
ables and let 


w=z—2,  Flw= fle) fle) = Yaw” 


Then we may apply the previous special case to F and find a local 
inverse G for F. Let wo = f(Z), and let 


g(w) = G(w — Wo) + Zo. 
Then g is a local inverse for f, thus finishing the proof of Theorem 6.1. 


There are (at least) four ways of proving the inverse function theorem. 


1. The way we have just gone through, by estimating the formal in- 
verse to show that it converges. 
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2. Reproducing the real variable proof for real functions of class C’. 
By the contraction principle, (shrinking lemma), one first shows that the 
map is locally surjective, and one constructs a local inverse, which is 
shown to be differentiable, and whose derivative satisfies, for w = f(z), the 
relation 


g'(w) = 1/f"(Z). 


The reader should be able to copy the proof from any standard book on 
analysis, (certainly from my Undergraduate Analysis [La 83]). 


3. Assuming the theorem for C® real functions. One can show (and 
we shall do so later when we discuss the real aspects of an analytic 
function) that an analytic function is C®, as a function of (x, y), writing 


Z=xX+1y. 


The hypothesis f(z.) #0 (namely a, # 0) is then seen to amount to the 
property that the Jacobian of the real function of two variables has non- 
zero determinant, whence f has a C® inverse locally by the real theorem. 
It is then an easy matter to show by the chain rule that this inverse 
satisfies the Cauchy—Riemann equations, and is therefore holomorphic, 
whence analytic by the theory which follows Cauchy’s theorem. 


4. Giving an argument based on more complex function theory, and 
carried out in Theorem 1.7 of Chapter VI. 


All four methods are important, and are used in various contexts 
in analysis, both of functions of one variable, and functions of several 
variables. 


Let U be an open set and let f be a function on U. We say that f is 
an open mapping if for every open subset U’ of U the image f(U’) is 
open. 

Theorem 6.1 shows that the particular type of function considered 
there, i.e. with non-zero first coefficient in the power series expansion, is 
locally open. We shall now consider arbitrary analytic functions, first at 
the origin. 

Let 

f2) = Yaz" 


be a convergent non-constant power series, and let m = ord f, so that 


f(z) =a,2" + higher terms, a, #9. 
= a,z™(1 + h(z)), 


[II, $6] THE INVERSE AND OPEN MAPPING THEOREMS 81 


where h(z) is convergent, and has zero constant term. Let a be a com- 
plex number such that a” =a,,. Then we can write f(z) in the form 


f(z) = (az(1 + h,(z)))", 


where h,(z) is a convergent power series with zero constant term, ob- 
tained from the binomial expansion 


(1 + h(z))™ = 1 + hy (2), 
and 


f,(z) = az(1 + h,(z)) = az + azh,(z) 


is a power series whose coefficient of z is a#0. Theorem 6.1 therefore 
applies to f,(z), which is therefore locally open at the origin. We have 


(2) = f(z)”. 


Let U be an open disc centered at the origin on which f, converges. 
Then f,(U) contains an open disc V. The image of V under the map 


whew” 
is a disc. Hence f(U) contains an open disc centered at the origin. 
Theorem 6.2. Let f be analytic on an open set U, and assume that for 
each point of U, f is not constant on a given neighborhood of that 
point. Then f is an open mapping. 
Proof. We apply the preceding discussion to the power series expan- 
sion of f at a point of U, so the proof is obvious in the light of what we 


have already done. 


The construction in fact yielded the following statement which it is 
worthwhile extracting as a theorem. 


Theorem 6.3. Let f be analytic at a point Zo, 


fle) = ay + Y aylz — 20)" 


with m=1 and a, #0. Then there exists a local analytic isomorphism 
@ at 0 such that 


F(Z) = do + O(Z — Zo)". 
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We interpret Theorem 6.3 as follows. Let 
W:U>V 


be an analytic isomorphism. We write w= w(z). We may view w as a 
change of coordinates, from the coordinate z to the coordinate w. In 
Theorem 6.3 we may therefore write 


f(z) =a) + Ww", 


where w = 9(z — Zy). The expansion for f in terms of the coordinate 
w 1s therefore much simpler than in terms of the coordinate z. 


We also get a criterion for a function to have an analytic inverse on a 
whole open set. 


Theorem 6.4. Let f be analytic on an open set U, and assume that f is 
injective. Let V = f(U) be its image. Then f:U-V is an analytic 
isomorphism, and f'(z) #0 for all ze U. 


Proof. The function f between U and V is bijective, so we can define 
an inverse mapping g: V— U. Let z, be a point of U, and let the power 
series expansion of f at z) be as in Theorem 6.3. If m> 1 then we see 
that f cannot be injective, because the m-th power function in a neigh- 
borhood of the origin is not injective (it wraps the disc m times around). 
Hence m= 1, and Theorem 6.1 now shows that the inverse function g is 
analytic at f(z,)). This proves the theorem. 


Example 1. Let f(z) = 3 — 5z + higher terms. Then f(0) = 3, and 
f'(0) =a, = —5 0. 
Hence f is a local analytic isomorphism, or locally invertible, at 0. 


Example 2. Let f(z) = 2 —2z+2z*. We want to determine whether f 
is locally invertible at z = 1. We write the power series expansion of f at 
1, namely 


f(z) =1+ (2-17? =1+4+4,(z — 1). 


Here we have a, = 0. Hence f is not locally invertible at z = 1. 


Example 3. Let f(z) = cos z. Determine whether f is locally invertible 
at z= 0. In this case, 


2 
f(zj=1- 5 + higher terms, 


so a, = 0 and f is not locally invertible. 
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Example 4. Let f(z) =z°. Then f’(z) = 3z* and f’(0)=0. Thus f is 
not locally invertible at 0. On the other hand, f’(z) #0 if z #0. Hence 
if z9 #0 then f is locally invertible at z9. However, let U be the open 
set obtained by deleting the origin from C. Then f is not invertible on 
U. (Why?) 


ll, §6. EXERCISES 


Determine which of the following functions are local analytic isomorphism at the 
given point. Give the reason for your answer. 


1. f(z) =e? at z=0. 

2. f(z) = sin(z*) at z = 0. 

3. f(z) =(z — If(z — 2) at z= 1. 

4. f(z) = (sin z)* at z=0. 

5. f(z) = cos z at z= 7. 

6. Linear Differential Equations. Prove: 


Theorem. Let a,(z), ...,a,(z) be analytic functions in a neighborhood of 0. 
Assume that a,(0) #0. Given numbers Co, ...,C,-1, there exists a unique ana- 
lytic function f at 0 such that 
D"f(0) = c, for n=0,...,k—1 
and such that 
do(z)D*f(z) + a,(z)D*'f(z) + + + a (2) f(z) = 0. 
[Hint: First you may assume a,(z) = 1 (why?). Then solve for f by a formal 
power series. Then prove this formal series converges. ] 
7. Ordinary Differential Equations. Prove: 


Theorem. Let g be analytic at 0. There exists a unique analytic function f at 0 
satisfying 
fO)=0, and f'(z)=9(f(2)). 


[ Hint: Again find a formal solution, and then prove that it converges. ] 


[Note: You will find the above two problems worked out in the Appendix, §3, 
but please try to do them first before looking up the solutions.] 


ll, §7. THE LOCAL MAXIMUM MODULUS PRINCIPLE 


This principle is an immediate application of the open mapping theorem, 
and so we give it here, to emphasize its direct dependence with the 
preceding section. On the other hand, we wait for a later chapter for less 
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basic applications mostly for psychological reasons. We want to alter- 
nate the formal operations with power series and the techniques which 
will arise from Cauchy’s theorem. The later chapter could logically be 
read almost in its entirety after the present section, however. 

We say that a function f is locally constant at a point 2, if there exists 
an open set D (or a disc) containing z, such that f is constant on D. 


Theorem 7.1. Let f be analytic on an open set U. Let z,€U bea 
maximum for |f\, that is, 


FZ) ZIf@_, forall zeu. 
Then f is locally constant at Zo. 
Proof. The function f has a power series expansion at Zo, 
F(Z) = dy + a,(Z — Zp) + °°. 
If f is not the constant ay) = f(Z,), then by Theorem 6.2 we know that f 
is an open mapping in a neighborhood of zy), and therefore the image of 
f contains a disc D(ay,s) of radius s > 0, centered at ay. Hence the set 


of numbers |f(z)|, for z in a neighborhood of z), contains an open 
interval around ap, so | f(z)| > | f(Z>)| for some z. Hence 


| f(Zo)| = 140 
cannot be a maximum for f, a contradiction which proves the theorem. 


Corollary 7.2. Let f be analytic on an open set U, and let ze U bea 
maximum for the real part Re f, that is, 


Re f(Z.) 2 Re f(z), for all zeuU. 
Then f is locally constant at Zo. 
Proof. The function e/ is analytic on U, and if 
f(z) = u(z) + iv(z) 
is the expression of f in terms of its real and imaginary parts, then 


jeF| = g'(2) 


Hence a maximum for Ref is also a maximum for |e/@|, and the 
corollary follows from the theorem. 
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The theorem is often applied when f is analytic on an open set U 
and is continuous at the boundary of U. Then a maximum for |f(z)| 
necessarily occurs on the boundary of U. For this one needs that U 
is connected, and the relevant form of the theorem will be proved as 
Theorem 1.3 of the next chapter. 

We shall give here one more example of the power of the maximum 
modulus principle, and postpone to a later chapter some of the other 
applications. 


Theorem 7.3. Let 
f(z) = a9 + yz +°°* + az" 


be a polynomial, not constant, and say a, # 0. Then f has some com- 
plex zero, i.e. a number Z, such that f(Z9) = 0. 


Proof. Suppose otherwise, so that 1/f(z) is defined for all z, and 
defines an analytic function. Writing 


a a,Z 
fle) = a2*( =, + Zteot), 
A,Z°  aqz 


one sees that 
lim 1/f(z) = 0. 


|z|—> 00 


Let « be some complex number such that f(a)#0. Pick a positive 
number R large enough such that |a| < R, and if |z| = R, then 


J+ et 
f@ IF@! 


Let S be the closed disc of radius R centered at the origin. Then S is 
closed and bounded, and 1/| f(z)| is continuous on S, whence has a maxi- 
mum on S, say at z,). By construction, this point z) cannot be on the 
boundary of the disc, and must be an interior point. By the maximum 
modulus principle, we conclude that 1/f(z) is locally constant at z). This 
is obviously impossible since f itself is not locally constant, say from the 
expansion 


f(z) = bo + by (Zz — Zo) +0 + Baz — 20)%, 


with suitable coefficients by, ...,b,; and b, #0. This proves the theorem. 


CHAPTER _IIl 


Cauchy's Theorem, First Part 


ill, §1. HOLOMORPHIC FUNCTIONS ON 
CONNECTED SETS 


Let [a,b] be a closed interval of real numbers. By a curve y (defined on 
this interval) we mean a function 


y: [a,b] —~C 
which we assume to be of class C’. 
(4) 
om NS 
Figure 1 
We recall what this means. We write 
y(t) = 1 (t) + ty2(0), 


where y, is the real part of y, and y, is its imaginary part. For instance, 
the curve 


¥(0) = cos 8 + isin 8, 0< 608 2z, 


is the unit circle. Of class C' means that the functions y,(t), y(t) have 
continuous derivatives in the ordinary sense of calculus. We have drawn 
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a curve in Fig. 1. Thus a curve is a parametrized curve. We call (a) the 
beginning point, and y(b) the end point of the curve. By a point on the 
curve we mean a point w such that w = y(t) for some t in the interval of 
definition of y. 


We define the derivative y’(t) in the obvious way, namely 


y'() = (0) + iy2(2). 


It is easily verified as usual that the rules for the derivative of a sum, 
product, quotient, and chain rule are valid in this case, and we leave this 
as an exercise. In fact, prove systematically the following statements: 

Let F: [a,b] C and G:[a,b]+C be complex valued differentiable 
functions, defined on the same interval. Then: 


(F + G)=F'+G, 
(FG) = FG' + F'G, 
(F/G) = (GF' — FG’)/G? 
(this quotient rule being valid only on the set where G(t) # 0). 


Let w: [c,d] > [a, b] be a differentiable function. Then yo w is differ- 
entiable, and 


yop) = WOW’, 


as illustrated on Fig. 2(1). 


5 v t Y 
— 7 _ i iS) 
Cc d a b 


Figure 2(i) 
Finally suppose y is a curve in an open set U and 
f:U-~C 


is a holomorphic function. Then the composite f oy 1s differentiable (as 
a function of the real variable t) and 


(fo =f'O)y'(0, 
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as illustrated on Fig. 2(11). 


t 
i (PL) 4. 
a b 


Figure 2(ii) 


It is technically convenient to deal with a generalization of curves. By 
a path we shall mean a sequence of curves, 


Y= {Y1> Yas++0sVnt 


(so each curve y, is C*) such that the end point of y; 1s equal to the 
beginning point of y,,,. If y; is defined on the interval [a,, b,], this means 
that 


y;(B;) = Vj+1 (Aj+1 ). 


We have drawn a path on Fig. 3, where z; is the end point of y,. We 
call y,(a,) the beginning point of y, and y,(b,) the end point of y. The path 
is said to lie in an open set U if each curve y; lies in U, i.e. for each t, the 
point y,(t) lies in U. 


24 
v1 Z2 


Z0 12 73 
14 


Figure 3 


We define an open set U to be connected if given two points a and B 
in U, there exists a path {y,,...,y,} in U such that a is the beginning 
point of y, and f is the end point of y,; in other words, if there exists a 
path in U which joins « to B. In Fig. 4 we have drawn an open set 
which is not connected. In Fig. 5 we have drawn a connected open set. 
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(The definition of connected applies of course equally well to a set which 
is not necessarily open. It is usually called pathwise connected, but for 
open sets, this coincides with another possible definition. See the appen- 
dix of this section.) 


Figure 4 


Figure 5 


Theorem 1.1. Let U be a connected open set, and let f be a holomor- 
phic function on U. If f’ =0 then f is constant. 


Proof. Let a, B be two points in U, and suppose first that y is a curve 
joining « to B, so that 


ya)=a and y(b)=8. 


The function 


tr f(y(0)) 


is differentiable, and by the chain rule, its derivative is 


f'(yO)y'O = 0. 


Hence this function is constant, and therefore 


f(@) = f(y@) = f(y) = F(B). 
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Next, suppose that y = {7,,...,),} is a path joining « to B, and let z, 
be the end point of »,, putting 


Zo = G, 2, = B. 
By what we have just proved, we have 


f(a) = f(Zo) = f(2i1) = f(22) = ++ = f(Zn) = f(B), 
thereby proving the theorem. 


If f is a function on an open set U and g is a holomorphic function 
on U such that g’ = f, then we call g a primitive of f on U. Theorem 
1.1 says that on a connected open set, a primitive of f is uniquely 
determined up to a constant, 1e. if g, and g, are two primitives, then 
J. — 92 1s constant, because the derivative of g, — g, is equal to 0. 

In what follows we shall attempt to get primitives by integration. On 
the other hand, primitives can also be written down directly. 


Example. For each integer n# —1, the function f(z)=z" has the 
usual primitive 


gntl 


n+1 


Let S be a set of points, and let z7 eS. We say that Zz, is isolated in S 
if there exists a disc D(z), 7r) of some radius r > 0 such that D(z), r) does 
not contain any point of S other than z,). We say that S is discrete if 
every point of S is isolated. 


Theorem 1.2. Let U be a connected open set. 


(i) If f is analytic on U and not constant, then the set of zeros of f 
on U is discrete. 

(ii) Let f, g be analytic on U. Let S be a set of points in U which is 
not discrete (so some point of S is not isolated). Assume that 
f(z) = 9(z) for all z in S. Then f =g on U. 


Proof. We observe that (ii) follows from (i). It suffices to consider the 
difference f — g. Therefore we set about to prove (i). We know from 
Theorem 3.2 of the preceding chapter that either f is locally constant 
and equal to 0 in the neighborhood of a zero Z,), or Z, is an isolated 
zero. 

Suppose that f is equal to 0 in the neighborhood of some point zp. 
We have to prove that f(z) = 0 for all ze U. Let S be the set of points z 
such that f is equal to 0 in a neighborhood of z. Then S is open. By 
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Theorem 1.6 below, it will suffice to prove that S is closed in U. Let z, 
be a point in the closure of S in U. Since f is continuous, it follows that 
f(z,) =9. If z, is not in S, then there exist points of S arbitrarily close 
to z,, and by Theorem 3.2 of the preceding chapter, it follows that f is 
locally equal to 0 in a neighborhood of z,. Hence in fact z, €S, so S is 
closed in U. This concludes the proof. 


Remarks. The argument using open and closed subsets of U applies 
in very general situations, and shows how to get a global statement on a 
connected set U knowing only a local property as in Theorem 3.2 of the 
preceding chapter. 


It will be proved in Chapter V, §1, that a function is holomorphic if 
and only if it is analytic. Thus Theorem 1.2 will also apply to holomor- 
phic functions. 

The second part of Theorem 1.2 will be used later in the study of 
analytic continuation, but we make some comments here in anticipation. 
Let f be an analytic function defined on an open set U and let g be an 
analytic function defined on an open set V. Suppose that U and V have 
a non-empty intersection, as illustrated on Fig. 6. If U, V are connected, 
and if f(z) =g(z) for all zeUNYV, ie. if f and g are equal on the 
intersection UV, then Theorem 1.2 tells us that g is the only possible 
analytic function on V having this property. In the applications, we shall 
be interested in extending the domain of definition of an analytic func- 
tion f, and Theorem 1.2 guarantees the uniqueness of the extended func- 
tion. We say that g is the analytic continuation of f to V. 


Figure 6 


It is also appropriate here to formulate the global version of the 
maximum modulus principle. 


Theorem 1.3. Let U be a connected open set, and let f be an analytic 
function on U. If Z) € U is a maximum point for |f|, that is 


If(Zo)| 2 IF(2)| 


for all z € U, then f is constant on U. 
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Proof. By Theorem 6.1 of the preceding chapter, we know that f is 
locally constant at z). Therefore f is constant on U by Theorem 1.2(11) 
(compare the constant function and f). This concludes the proof. 


Corollary 1.4. Let U be a connected open set and U° its closure. Let f 
be a continuous function on U*, analytic and non-constant on U. If Zo 
is a maximum for f on U*, that is, | f(Zo)| 2 | f(z)| for all ze U, then Zo 
lies on the boundary of U*. 


Proof. This comes from a direct application of Theorem 1.3. 


Remark. If U* is closed and bounded, then a continuous function has 
a maximum on U‘, so a maximum for f always exists in Corollary 1.4. 


Appendix: Connectedness 


The purpose of this appendix is to put together a couple of statements 
describing connectedness in various terms. Essentially we want to prove 
that two possible definitions of connectedness are equivalent. For pur- 
poses of this appendix, we use the words pathwise connected for the 
notion we have already defined. Let U be an open set in the complex 
numbers. We say that U is topologically connected if U cannot be ex- 
pressed as a union U=VWUW, where V, W are open, non-empty, and 
disjoint. We start with what amounts to a remark. Let S be a subset of 
U. We say that S is closed in U if given ze U and z in the closure of S, 
then zeS. 


Lemma 1.5. Let S be a subset of an open set U. Then S is closed in U 
if and only if the complement of S in U is open, that is, U — S is open. 
In particular, if S is both open and closed in U, then U —S is also open 
and closed in U. 


Proof. Exercise 1. 


Theorem 1.6. Let U be an open set. Then U is pathwise connected if 
and only if U is topologically connected. 


Proof of Theorem 1.6. Assume that U is pathwise connected. We 
want to prove that U is topologically connected. Suppose not. Then 
U =VUW where V, W are non-empty and open. Let z, e V and z,€ W. 
By assumption there exists a path y: [a,b] U such that y(a) = z, and 
y(b) = z,. Let T be the set of te [a, b] such that y(t)e V. Then T is not 
empty because ae T, and T is bounded by b. Let c be the least upper 
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bound of T. Then c 4b. By definition of an upper bound, there exists a 
sequence of real numbers t,, with c <t, <b such that y(t,)e W, and t, 
converges to c. Since y is continuous, it follows that y(c) = lim y(t,), and 
since W is closed in U, it follows that y(c)—e W. On the other hand, by 
definition of a least upper bound, there exists a sequence of real numbers 
s, With a<s,<c such that s, converges to c, and y(s,)eV. Since y is 
continuous, it follows that y(c) = lim »(s,), and since V is closed in U, it 
follows that y(c) € V, which is a contradiction proving that U is topologi- 
cally connected. 

Conversely, assume U is topologically connected. We want to prove 
that U is pathwise connected. Let z)e¢U. Let V be the set of points in 
U which can be joined to z) by a path in U. Then V is open. Indeed, 
suppose that there is a path in U joining Zz, to z,. Since U is open, 
there exists a disc D(z,,r) of radius r>0 contained in U. Then every 
element of this disc can be joined to z, by a line segment in the disc, and 
can therefore be joined to z) by a path in U, so V is open. We assert 
further that V is closed. To see this, let {z,} be a sequence in V converg- 
ing to a point u in U. Since U is open, there exists a disc D(u,r) of 
radius r>0 contained in U. For some n the point z, lies in D(u, r). 
Then there is a line segment in D(u, r) joining u and z,, and so u can be 
joined by a path to z,. This proves that V is closed. Hence V is both 
open and closed, and by assumption, V = U. This proves that U is 
pathwise connected, and concludes the proof of Theorem 1.6. 


Warning. The equivalence of the two notions of connectedness for 
open sets may not be valid for other types of sets. For instance, consider 
the set consisting of the horizontal positive x-axis, together with vertical 
segments of length 1 above the points 1, 1/2, 1/3, ...,1/n, ... and also 
above 0. Now delete the origin. The remaining set is topologically 
connected but not pathwise connected. Draw the picture! Also compare 
with inaccessible points as in Chapter X, §4. 


ll, §1. EXERCISES 


1. Prove Lemma 1.5. 


2. Let U be a bounded open connected set, {f,} a sequence of continuous 
functions on the closure of U, analytic on U. Assume that {f,} converges 
uniformly on the boundary of U. Prove that { f,} converges uniformly on U. 


3. Let a,, ...,a, be points on the unit circle. Prove that there exists a point z on 
the unit circle so that the product of the distances from z to the a, is at least 
1. (You may use the maximum principle.) 
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lll, §2. INTEGRALS OVER PATHS 


Let F: [a,b] > C be a continuous function. 
Write F in terms of its real and imaginary parts, say 


F(t) = u(t) + iv(t). 


Define the indefinite integral by 


| F(t) dt = | u(t) dt +i | v(t) dt. 


Verify that integration by parts is valid (assuming that F’ and G’ exist 
and are continuous), namely 


| F(t)G'(t) dt = F(tG(t) — | G(t)F’(t) dt. 


(The proof is the same as in ordinary calculus, from the derivative of a 
product.) 
We define the integral of F over [a,b] to be 


b 


[ F(t) dt= i u(t) dt+i | v(t) dt. 


a a a 


Thus the integral is defined in terms of the ordinary integrals of the real 
functions u and v. Consequently, by the fundamental theorem of calculus 
the function 


mo F(s) ds 


is differentiable, and its derivative is F(t), because this assertion is true if 
we replace F by u and », respectively. 
Using simple properties of the integral of real-valued functions, one 


has the inequality 
b 
| F(t) dt 


Work it out as Exercise 11. 
Let f be a continuous function on an open set U, and suppose that y 
is a curve in U, meaning that all values y(t) lie in U fora<t<b. We 


b 
S | |F(t)| dt. 
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define the integral of f along y to be 


| f= | f(y()y'(0 at. 


This is also frequently written 


| f(z) dz. 


Example 1. Let f(z) = 1/z. Let »(@) =e”. Then 
y’(0) = ie”. 


We want to find the value of the integral of f over the circle, 


1 
| fe 
»Z 


soQ<6<2z. By definition, this integral is equal to 


2n 1 2n 
| wie" do =i | dO = 2ni. 


0 0 


As in calculus, we have defined the integral over parametrized curves. 
In practice, we sometimes describe a curve without giving an explicit 
parametrization. The context should always make it clear what is meant. 
Furthermore, one can also easily see that the integral is independent of 
the parametrization, in the following manner 

Let 


g: [a,b] > [c,d] 


be a C! function, such that g(a) = c, g(b) = d, and let 


W:[¢,d]>C 


y(b) = ¥(d) 


y(t) = w(s) and s = g(¢) 


7 (a) = w(c) 
Figure 7 
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be a curve. Then we may form the composed curve 


y(t) = W(g(t)). 
We find: 


| f= | f(y())y'@ dt 
b 
= | f(v(g@))v'(g@)a'(o) at 


= | f(W(s))W'() ds 


a 


Thus the integral of f along the curve is independent of the parametriza- 
tion. 
If y = {1,---5%,¢ iS a path, then we define 


JiR) 


to be the sum of the integrals of f over each curve y, of the path. 
Theorem 2.1. Let f be continuous on an open set U, and suppose that f 


has a primitive g, that is, g is holomorphic and g' = f. Let «, B be two 
points of U, and let y be a path in U joining « to B. Then 


and in particular, this integral depends only on the beginning and end 
point of the path. It is independent of the path itself. 


Proof. Assume first that the path is a curve. Then 


[ roa=[ voonaa 


a 


By the chain rule, the expression under the integral sign is the derivative 


d 
7 9v): 
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Hence by ordinary calculus, the integral is equal to 


g(r(t))| = g((b)) — 9), 


b 
which proves the theorem in this case. In general, if the path consists of 


Curves 71, ...,),, and z,; is the end point of y,, then by the case we have 
just settled, we find 


| f= (21) — g(Zo) + g(Z2) — g(21) + °° + 9(2n) — g(Zn-1) 
= g(Z,) — g(Zo), 
which proves the theorem. 


Example 2. Let f(z) =z*. Then f has a primitive, g(z) = z*/4. Hence 
the integral of f from 2 + 3i to 1 —i over any path is equal to 


(1—i)* (2+3i)* 


4 4 


Example 3. Let f(z) =e’. Find the integral of f from 1 to iz taken 
over a line segment. Here again f’(z) = f(z), so f has a primitive. Thus 
the integral is independent of the path and equal to e'" — e! = —1 —e. 


By a closed path, we mean a path whose beginning point is equal to 
its end point. We may now give an important example of the theorem: 


If f is a continuous function on U admitting a holomorphic primitive g, 
and y is any closed path in U, then 


[yao 


Example 4. Let f(z) =z", where n is an integer # —1. Then for any 
closed path y (or any closed path not passing through the origin if n is 


negative), we have 
| z" dz = 0. 
Y 


This is true because z” has the primitive z"*'/(n + 1). [When n is nega- 
tive, we have to assume that the closed path does not pass through the 
origin, because the function is then not defined at the origin.] 


98 CAUCHY’S THEOREM, FIRST PART [III, §2] 


Putting this together with Example 1, we have the following tabula- 
tion. Let Cpr be the circle of radius R centered at the origin oriented 
counterclockwise. Let n be an integer. Then: 


n do = 0 ifnAz-I, 
ce 7 lent if n= —1. 


Of course, in Example 1 we did the computation when R = 1, but you 
can check that one gets the same value for arbitrary R. In the exercises, 
you can check similar values for the integral around a circle centered 
around any point Zo. 

We shall see later that holomorphic functions are analytic. In that 
case, in the domain of convergence a power series 


», An(2 — Zo)" 


can be integrated term by term, and thus integrals of holomorphic func- 
tions are reduced to integrals of polynomials. This is the reason why 
there is no need here to give further examples. 


Theorem 2.2. Let U be a connected open set, and let f be a continuous 
function on U. If the integral of f along any closed path in U is equal 
to 0, then f has a primitive g on U, that is, a function g which is 
holomorphic such that g' = f. 


Proof. Pick a point z, in U and define 


a= |" f 


where the integral is taken along any path from z, to z in U. If y, 4 are 
two such paths, and y is the reverse path of (cf. Exercise 9), then 
{y,n } is a closed path, and by Exercise 9 we know that 


[=f 


Therefore the integral defining g is independent of the path from 2z, to z, 
and defines the function. We have 


g(z +h) — g(z)_1 (7 
gee haw) tl fC) dt, 
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and the integral from z to z + h can be taken along a segment in U from 
ztoz+h. Write 


F(S) = f(z) + pCO), 


where lim g(C) = 0 (this can be done by the continuity of f at z). Then 
Gz 


1 zth | zth | zth ; 
; | flO) at =; | fle) dt + = | w(t) de 


zth 


1 
=f +; | p(C) de. 


Zz 


The length of the interval from z to z +h is |h|. Hence the integral on 
the right 1s estimated by (see below, Theorem 2.3) 


lt max |9(2)l 


where the max is taken for ¢€ on the interval. This max tends to 0 as 
h— 0, and this proves the theorem. 


Remarks. The reader should recognize Theorems 2.1 and 2.2 as being 
the exact analogues for (complex) differentiable functions of the standard 
theorems of advanced calculus concerning the relation between the exist- 
ence of a primitive (potential function for a vector field), and the inde- 
pendence of the integral (of a vector field) from the path. We shall see 
later that a holomorphic function is infinitely complex differentiable, and 
therefore that f itself is analytic. 


Let y be a curve, y: [a,b] C, assumed of class C! as always. The 
speed is defined as usual to be |y’(t)|, and the length L(y) is defined to be 
the integral of the speed, 


L(y) = | ly’()| dt. 


a 


If y = {y,,---.),} is a path, then by definition 


Lo) = ¥; Lo. 


Let f be a bounded function on a set S. We let ||f|| be the sup norm, 
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written || f'||, if the reference to S needs to be made for clarity, so that 
lf = sup | f(z)| 


is the least upper bound of the values | f(z)| for zeéS. 

Let f be continuous on an open set U. By standard results of elemen- 
tary real analysis, Theorem 4.3 of Chapter I, the image of a curve or a 
path y is closed and bounded, i.e. compact. If the curve is in U, then the 
function 


tr f(y(0)) 


is continuous, and hence f is bounded on the image of y. By the 
compactness of the image of y, we can always find an open subset of U 
containing y, on which f is bounded. If y is defined on [a, b], we let 


Wf ll, = max fv) |. 


Theorem 2.3. Let f be a continuous function on U. Let y be a path in 


| f 


| S(y)y'(0) at 


S If ll,L0). 


Proof. If y is a curve, then 


|r 


<| IFO) ly’ at 
< Ifll,L0), 


as was to be shown. The statement for a path follows by taking an 
appropriate sum. 


Theorem 2.4. Let {f,} be a sequence of continuous functions on U, 
converging uniformly to a function f. Then 


im | f= | 


If >. f, is a series of continuous functions converging uniformly on U, 
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[Sn-5] 


Proof. The first assertion is immediate from the inequality. 


e-| 


The second follows from the first because uniform convergence of a series 
is defined in terms of the uniform convergence of its partial sums, 


s| fn — FS Wn — FILO). 


S=fptot he 
This proves the theorem. 
Example 5. Let f be analytic on an open set containing the closed 


disc D(0,R) of radius R centered at the origin, except possibly at the 
origin. Suppose f has a power series expansion 


a_ a_ 
fQ)= Pt tb ayz te tage to 


possibly with negative terms, such that the series with non-negative terms 


has a radius of convergence >R. Let Cp be the circle of radius R 
centered at the origin. Then 


| f(z) dz = 2nia_,. 


This is a special case of Theorem 2.4 and Example 4, by letting 


flay= Yo ayzt 


k=—m 


Each f, is a finite sum, so the integral of f, is the sum of the integrals of 
the individual terms, which were evaluated in Example 4. 
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lll, §2. EXERCISES 


1. (a) Given an arbitrary point Zo, let C be a circle of radius r > 0 centered at 
Zo, Oriented counterclockwise. Find the integral 


| (Z — 2)" dz 
C 


for all integers n, positive or negative. 
(b) Suppose f has a power series expansion 
f(z) = ; Yaz — Zo)", 


which is absolutely convergent on a disc of radius > R centered at Zp. 
Let C, be the circle of radius R centered at zy. Find the integral 


| fz) dz. 
Cr 


2. Find the integral of f(z) =e? from —3 to 3 taken along a semicircle. Is this 
integral different from the integral taken over the line segment between the 
two points? 


3. Sketch the following curves with O <t <1. 
(a) y(t)=1+it 
(b) y(t)=e"™ 
(c) y(t)=e™ 
(d) y(t)=1+it+?? 


4. Find the integral of each one of the following functions over each one of the 
curves in Exercise 3. 
(a) fi=2° 
(b) f(z) =z 
(c) f(z) = 1/2 


5. Find the integral 


2 
| ze” dz 
7 


(a) from the point i to the point —i+ 2, taken along a straight line seg- 
ment, and 
(b) from 0 to 1 +i along the parabola y = x’. 


| sin z dz 
? 


from the origin to the point 1 + i, taken along the parabola 


6. Find the integral 


y=x’. 
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7. 


10. 


11. 


Let o be a vertical segment, say parametrized by 
o(t) = Z, + ite, —1<st<l, 


where z, is a fixed complex number, and c is a fixed real number > 0. (Draw 
the picture.) Let « = z) + x and a’ = Z,) — x, where x is real positive. Find 


1 1 
im | ( _ de 
x70 Jg \Z2-% Z—-a4 


(Draw the picture.) Warning: The answer is not 0! 


. Let x > 0. Find the limit: 


B 1 1 
lim — — — | dt. 
Boo J-p\t tix t—ix 


. Let y: [a,b] +C be a curve. Define the reverse or opposite curve to be 


y :[a,b]3~C 


such that y (t) = y(a + b — t). Show that 


[re-[r 


Let [a,b] and [c,d] be two intervals (not reduced to a point). Show that 
there is a function g(t) = rt + s such that g is strictly increasing, g(a) = c and 
g(b) = d. Thus a curve can be parametrized by any given interval. 


Let F be a continuous complex-valued function on the interval [a,b]. Prove 


that 
b 
| F(t) dt 


[Hint: Let P=[a=dpo, a, ...,a€, =] be a partition of [a,b]. From the 
definition of integrals with Riemann sums, the integral 


b 
s| [F(O| dt. 


a 


b n-1 
| F(t) dt is approximated by the Riemann sum ) F(a,)(a,41 — a) 
k=0 


a 


whenever max(a,,, — a) 1s small, and 


b n-1 
| |F(t)| dt is approximated by )> |F(a,)|(@.41 — a). 
k=0 


a 


The proof is concluded by using the triangle inequality. | 
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lll, §3. LOCAL PRIMITIVE FOR A 
HOLOMORPHIC FUNCTION 


Let U be a connected open set, and let f be holomorphic on U. Let 
Zo € U. We want to define a primitive for f on some open disc centered 
at Zo, i.e. locally at z). The natural way is to define such a primitive by 
an integral, 


g(2) = | " f(O) dl, 


20 


taken along some path from z, to z. However, the integral may depend 
on the path. 

It turns out that we may define g locally by using only a special type 
of path. Indeed, suppose U is a disc centered at z). Let zeU. We 
select for a path from z, to z the edges of a rectangle as shown on 
Fig. 8. 


Figure 8 


We then have restricted our choice of path to two possible choices as 
shown. We shall see that we get the same value for the integrals in the 
two cases. It will be shown afterwards that the integral then gives us a 
primitive. 


By a rectangle R we shall mean a rectangle whose sides are vertical or 
horizontal, and R is meant as the set of points inside and on the bound- 
ary of the rectangle, so R is assumed to be closed. The path describing 
the boundary of the rectangle taken counterclockwise will be also called 
the boundary of the rectangle, and will be denoted by 


OR. 


If S is an arbitrary set of points, we say that a function f is holo- 
morphic on S if it is holomorphic on some open set containing S. 
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Theorem 3.1 (Goursat). Let R be a rectangle, and let f be a function 
holomorphic on R. Then 
[rao 
OR 


Proof. Decompose the rectangle into four rectangles by bisecting the 
sides, as shown on Fig. 9. 


R| R4 
R) R3 
Figure 9 
Then 
4 
[fed [os 
OR i=1 J oR; 

Consequently, 


JE laa 
@R OR; 


and there is one rectangle, say R“, among R,, R,, R3, R4 such that 


bro! | al aa 
éR®) OR 


Next we decompose R into four rectangles, again bisecting the sides 
of R® as shown on Fig. 10. 


4 
=> 


i= 


1 


>_ 
~ 4 


For one of the four rectangles thus obtained, say R@), we have the 
similar inequality 
im 
aR(2) 


> — 


1 
~ | J 
aR) 


4 
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Figure 10 


We continue in this way, to obtain a sequence of rectangles 


R® 5 R®| 5 RO O--- 


such that 
1 
pe 
| aR) ile 4 | oR f 
Then 
1 
age 
im ~ 4 [a 


1 
| ee — seo 
n+l y) n 
so that by induction, 
1 
L, —_ 7 0 
where L, = length of OR. 
We contend that the intersection 
\ R® 


= 
| 
rare 


consists of a single point z). Since the diameter of R™ tends to 0 as n 
becomes large, it is immediate that there is at most one point in the 
intersection. Let «, be the center of R™. Then the sequence {a,} is a 
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Cauchy sequence, because given e¢, let N be such that the diameter of 
R™) is less than e. If n, m= N, then «,, «,, lie in R“ and so 


|G, — Lm! < diam R™ <e. 


Let z) =lima,. Then Z, lies in each rectangle, because each rectangle 
is closed. Hence Z, lies in the intersection of the rectangles R‘) for 
N = 1, 2,..., as desired. (See also Theorem 4.2 of Chapter I.) 

Since f is differentiable at z), there is a disc V centered at z,) such 
that for all ze V we have 


(2) = f(Zo) + f'(Zo)(Z — 20) + (2 — 2o)h(2), 


where 
lim h(z) = 0. 


zZ~7Zo 


If n is sufficiently large, then R is contained in V, and then 
| f(z) dz = | (Zo) dz + fea) | (2 — 29) dz 
oR™ oR™ éR™ 


+ | (Zz — Z9)h(z) dz. 
aR 


By Example 4 of §2, we know that the first two integrals on the right of 
this equality sign are 0. Hence 


| f= | (Z — Zo)h(z) dz, 
aR aR™ 


and we obtain the inequalities 


| f\s | f 
OR oR 


I 


—_ < 
4n 


| (Zz — Z,)h(z) dz 
aR 


1 
L, diam R™ sup|h(z)|, 


< 
= on 


where the sup is taken for all ze R™. But diam R™ = (1/2") diam R. 


This yields 
| f| <= Lp diam R sup|h(z)|. 
aR 
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The right-hand side tends to 0 as n becomes large, and consequently 


as was to be shown. 


We carry out the program outlined at the beginning of the section to 
find a primitive locally. 


Theorem 3.2. Let U be a disc centered at a point z). Let f be 
continuous on U, and assume that for each rectangle R contained in U 


we have 
[ a0 
aR 


For each point z, in the disc, define 


(24) = | "f 


20 


where the integral is taken along the sides of a rectangle R whose 
opposite vertices are Zy and z,. Then g is holomorphic on U and is a 
primitive for f, namely 


g'(z) = f(z). 
Proof. We have 
Z,+h 
g(z, + h) — g(z,) = f(z) dz 
Z2pth 
h, 
Z] 
h 


<— 
Z0 
—>- 


Figure 11 
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The integral between z, and z, +h is taken over the bottom side h, and 
vertical side h, of the rectangle shown in Fig. 11. Since f is continuous 
at z,, there exists a function W(z) such that 


lim W(z) =0 


272; 


and 


F(z) = f(21) + W2). 
Then 


21 


g(z, +h) —g(z,) = | 


21 


” f(g.) de + | Wo) dz 


21 
z,t+h 


= hfte.) + | W(z) dz. 


21 


We divide by h and take the limit as h->0. The length of the path from 
z, to z; + his bounded by |h,| + |h,|. Hence we get a bound 


| Z,;+h 
F | W(z) dz 


21 


1 
s Tihs + |h2|) sup|w(z)I, 


where the sup is taken for z on the path of integration. The expression 
on the right therefore tends to 0 as h—0. Hence 


fim 221 + A) — (21) 


h-0 h 


= f (2, ), 
as was to be shown. 


Knowing that a primitive for f exists on a disc U centered at z), we 
can now conclude that the integral of f along any path between z, and z 
in U is independent of the path, according to Theorem 2.1, and we find: 


Theorem 3.3. Let U be a disc and suppose that f is holomorphic on U. 
Then f has a primitive on U, and the integral of f along any closed 
path in U is 0. 


Remark. In Theorem 7.2 we shall prove that a holomorphic function 
is analytic. Applying this result to the function g in Theorem 3.2, we 
shall conclude that the function f in Theorem 3.2 is analytic. See Theo- 
rem 7.7. 
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lll, §4. ANOTHER DESCRIPTION OF THE 
INTEGRAL ALONG A PATH 


Knowing the existence of a local primitive for a holomorphic function 
allows us to describe its integral along a path in a way which makes no 
use of the differentiability of the path, and would apply to a continuous 
path as well. We start with curves. 


Lemma 4.1. Let y:[a,b]—U be a continuous curve in an open set U. 
Then there is some positive number r >0 such that every point on the 
curve lies at distance =r from the complement of U. 


Figure 12 


Proof. The image of y is compact. Consider the function 
p(t) = min |y(t) — w), 


where the minimum is taken for all w in the complement of U. This 
minimum exists because it suffices to consider w lying inside some big 
circle. Then g(t) is easily verified to be a continuous function of t, 
whence g has a minimum on [a,b], and this minimum cannot be 0 
because U is open. This proves our assertion. 


Let P = [ao,...,a, | be a partition of the interval [a,b]. We also write 
P in the form 


a= a) Sa, Sa, S5° Sa,=b. 


Let {Do,..-.,D,} be a sequence of discs. We shall say that this sequence 
of discs is connected by the curve along the partition if D, contains the 
image y({a;, a;,, ]). The following figure illustrates this. 

One can always find a partition and such a connected sequence of 
discs. Indeed, let € > 0 be a positive number such that € < r/2 where r is 
as in Lemma 4.1. Since y is uniformly continuous, there exists 6 such 
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Figure 13 


that if t, se[a,b] and |t —s| <0, then |y(t) — y(s)|<e. We select an 
integer n and a partition P such that each interval [a;,a;,,] has length 
<6. Then the image y([a;, a;,,]) lies in a disc D, centered at y(a;) of 
radius e, and this disc is contained in U. 

Let f be holomorphic on U. Let »;: [a;, ai41] — U be the restriction of y 
to the smaller interval [a;,a;,,]. Then 


[1-5 | 4 
Y i=0 Jy; 


Let y(a;) = z;, and let g; be a primitive of f on the disc D,. If each jy, is 
of class C‘ then we find: 


| f= y, Lgoi(Zi+1) — 9i(z;)J. 


Thus even though f may not have a primitive g on the whole open set 
U, its integral can nevertheless be expressed in terms of local primitives 
by decomposing the curve as a sum of sufficiently smaller curves. The 
same formula then applies to a path. 

This procedure allows us to define the integral of f along any continu- 
ous curve; we do not need to assume any differentiability property of the 
curve. We need only apply the above procedure, but then we must show 
that the expression 


Y Couteies) ~ 0120] 


is independent of the choice of partition of the interval [a,b] and of the 
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choices of the discs D, containing y([a;,a@;,,]). Then this sum can be 
taken as the definition of the integral 


[a 


The reader interested only in applications may omit the following consid- 
erations. First we state formally this independence, repeating the con- 
struction. 


Lemma 4.2. Let y:[a,b|]—U be a continuous curve. Let 


IIA 
& 
I 
o 


dy =aSa,Sa,<°° 
be a partition of [a,b] such that the image y([(4a;, a;., |) is contained in 
a disc D,, and D, is contained in U. Let f be holomorphic on U and let 
g; be a primitive of f on D,. 
Let z; = y(a;). Then the sum 


> L9:(Zi+1) — 9i(2;)] 


is independent of the choices of partitions, discs D,, and primitives g; on 
D, subject to the stated conditions. 


Proof. First let us work with the given partition, but let B,; be another 
disc containing the image »([a;, a;., ]), and B,; contained in U. Let h; be 
a primitive of f on B;. Then both g;, h; are primitives of f on the 
intersection B;~D;, which is open and connected. Hence there exists a 
constant C; such that g,=h,;+C; on B,AD,. Therefore the differences 
are equal: 


gi(Zi41) — gilZ;) = hi(Z:414) — h,(z;). 


Thus we have proved that given the partition, the value of the sum is 
independent of the choices of primitives and choices of discs. 

Given two partitions, we can always find a common refinement, as in 
elementary calculus. Recall that a partition 


Q = [bo, .-- Dm] 


is called a refinement of the partition P if every point of P is among the 
points of Q, that is if each a, is equal to some b;. Two partitions always 
have a common refinement, which we obtain by inserting all the points 
of one partition into the other. Furthermore, we can obtain a refinement 
of a partition by inserting one point at a time. Thus it suffices to prove 
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that if the partition Q is a refinement of the partition P obtained by 
inserting one point, then Lemma 4.2 is valid in this case. So we can 
suppose that Q is obtained by inserting some point c in some interval 
[a,, 4,4, ] for some k, that is Q is the partition 


Lag, .. 5A, Cy Apa, +++ 5An |. 


We have already shown that given a partition, the value of the sum as in 
the statement of the lemma is independent of the choice of discs and 
primitives as described in the lemma. Hence for this new partition Q, we 
can take the same discs D, for all the old intervals [a;, a,,,] when i< k, 
and we take the disc D, for the intervals [a,,c] and [c, a,,,]. Similarly, 
we take the primitive g; on D, as before, and g, on D,. Then the sum 
with respect to the new partition is the same as for the old one, except 
that the single term 


Ju(Z441) — GulZ,) 


is now replaced by two terms 


Ji (2441) — g.(y(c)) + g,(y(c)) — 9y(Z;,). 


This does not change the value, and concludes the proof of Lemma 4.2. 


For any continuous path y: [a,b] + U we may thus define 


| f= > [oi(y(ai+1)) _— gi(y(ai))] 


for any partition [dg,a,,...,a,] of [a,b] such that »([a,, a;,,]) is con- 
tained in a disc D,;, D, < U, and g; is a primitive of f on D,. We have 
just proved that the expression on the right-hand side is independent of 
the choices made, and we had seen previously that if y is piecewise C! 
then the expression on the right-hand side gives the same value as the 
definition used in §2. It is often convenient to have the additional flexi- 
bility provided by arbitrary continuous paths. 


Remark. The technique of propagating discs along a curve will again 
be used in the chapter on holomorphic continuation along a curve. 

As an application, we shall now see that if two paths lie “close to- 
gether”, and have the same beginning point and the same end point, then 
the integrals of f along the two paths have the same value. We must 
define precisely what we mean by “close together”. After a repara- 
metrization, we may assume that the two paths are defined over the same 
interval [a,b]. We say that they are close together if there exists a 
partition 
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and for each i= 0, ...,n —1 there exists a disc D, contained in U such 
that the images of each segment [a;,a;,, ] under the two paths y, 7 are 
contained in D,, that 1s, 


Y(La;, 4:41 ]) < D; and n(La;, 4:41 ]) < Dj. 


Lemma 4.3. Let y, 4 be two continuous paths in an open set U, and 
assume that they have the same beginning point and the same end point. 
Assume also that they are close together. Let f be holomorphic on U. 
Then 


Proof. We suppose that the paths are defined on the same interval 
[a,b], and we choose a partition and discs D, as above. Let g; be a 
primitive of f on D,. Let 


Zz; = y(a;) and w; = (aj). 


We illustrate the paths and their partition in Fig. 14. 


Z0 = 7 (a) =7 (a) = wo 


Figure 14 


But g;,, and g; are primitives of f on the connected open set D,,, 0 D,, 
SO Ji+; — 9; 1S constant on D,,,.D,;. But D,,, 0D, contains z,,, and 
Wi+,- Consequently 

Gi+1(Zis1) — Gis1 (Wiser) = GilZin1) — gilWiss). 


Then we find 
n—-1 
| f- | f= 2, Loi(2i+1) — 9:(z:) — (gi(wiss) — gilwi))] 


= > [(gi(Zi+1) _ gi(Wi+1)) — (g,(z;) — g(w;))] 
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= Jn—1(Zn) — Jn—1(Wa) — (go(Zo) — Jo(Wo)) 
= 0, 


because the two paths have the same beginning point z) = wo, and the 
same end point z, = w,. This proves the lemmas. 


One can also formulate an analogous lemma for closed paths. 


Lemma 4.4. Let y, 1 be closed continuous paths in the open set U, say 
defined on the same interval [a,b]. Assume that they are close together. 
Let f be holomorphic on U. Then 


Proof. The proof is the same as above, except that the reason why we 
find 0 in the last step is now slightly different. Since the paths are closed, 
we have 

Zo = Zp and Wo = Wap 


as illustrated in Fig. 15. The two primitives g,_, and go differ by a 
constant on some disc contained in U and containing Zz), Wo. Hence the 


last expression obtained in the proof of Lemma 4.3 is again equal to 0, 
as was to be shown. 


Figure 15 


lll, §5. THE HOMOTOPY FORM OF CAUCHY’S THEOREM 


Let y, 4 be two paths in an open set U. After a reparametrization if 
necessary, we assume that they are defined over the same interval [a, b]. 
We shall say that y is homotopic to n if there exists a continuous function 


Ww: [a,b] x [c,d] ~U 
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defined on a rectangle [a, b] x [c,d], such that 
W(t,c)= y(t) and w(t, d)=n(t) 


for all t € [a, b]. 
For each number s in the interval [c,d], we may view the function y, 


such that 
W(t) = w(t, s) 


as a continuous curve, defined on [a,b], and we may view the family of 
continuous curves w, as a deformation of the path y to the path y. The 
picture is drawn on Fig. 16. The paths have been drawn with the same 
end points because that’s what we are going to use in practice. Formally, 
we say that the homotopy yw leaves the end points fixed if we have 


W(a,s)= (a) and =, s) = y(b) 


for all values of s in [c,d]. In the sequel it will be always understood that 
when we speak of a homotopy of paths having the same end points, then 
the homotopy leaves the end points fixed. 

Similarly, when we speak of a homotopy of closed paths, we assume 
always that each path , is a closed path. These additional requirements 
are now regarded as part of the definition of homotopy and will not be 
repeated each time. 


Theorem 5.1. Let y, 4 be paths in an open set U having the same 
beginning point and the same end point. Assume that they are homo- 
topic in U. Let f be holomorphic on U. Then 


Theorem 5.2. Let y, 4 be closed paths in U, and assume that they are 


y (b) 


7 (a) 


Figure 16 
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homotopic in U. Let f be holomorphic on U. Then 


In particular, if y is homotopic to a point in U, then 


| r=0 


Either of these statements may be viewed as a form of Cauchy’s 
theorem. We prove Theorem 5.2 in detail, and leave Theorem 5.1 to the 
reader; the proof is entirely similar using Lemma 4.3 instead of Lemma 
4.4 from the preceding section. The idea is that the homotopy gives us a 
finite sequence of paths close to each other in the sense of these lemmas, 
so that the integral of f over each successive path is unchanged. 

The formal proof runs as follows. Let 


W: [a,b] x [c,d] ~U 


be the homotopy. The image of w is compact, and hence has distance 
> 0 from the complement of U. By uniform continuity we can therefore 
find partitions 


a=a) Sa,85°''Sa,=5), 


IIA 
IIA 
o 
3 
I 
a 


C= Co => Ci 
of these intervals, such that if 
S;; = small rectangle [a;, a;4,] x [¢;, cj+1] 


then the image y(S;;) is contained in a disc D,; which is itself contained 
in U. Let w, be the continuous curve defined by 


w(t) = W(t, c;), j=O0,...,m. 


Then the continuous curves w,, 4, are close together, and we can apply 
the lemma of the preceding section to conclude that 


on}! 
Wj Wi+1 


Since W = y and y,, = n, we see that the theorem is proved. 


Remark. It is usually not difficult, although sometimes it is tedious, to 
exhibit a homotopy between continuous curves. Most of the time, one 
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can achieve this homotopy by simple formulas when the curves are given 
explicitly. 


Example. Let z, w be two points in the complex numbers. The seg- 
ment between z, w, denoted by [z, w], is the set of points 


z+ t(w — 2), 0<t<l, 


or equivalently, 
(1 — t)z + tw, Ostsl. 


A set S of complex numbers is called convex, if, whenever z, we S, then 
the segment [z, w] is also contained in S. We observe that a disc and a 
rectangle are convex. 


Lemma 5.3. Let S be a convex set, and let y, n be continuous closed 
curves in S. Then y, y are homotopic in S. 


Proof. We define 
W(t, s) = sy(t) + (1 — s)n(0). 


It is immediately verified that each curve w, defined by w,(t) = W(t, s) is a 
closed curve, and w is continuous. Also 


w(t,0)=n(t) and = w(t, 1) = »(0), 


so the curves are homotopic. Note that the homotopy is given by a 
linear function, so if y, 7 are smooth curves, that is C! curves, then each 


curve w, is also of class C’. 
We say that an open set U is simply connected if it is connected and if 


every closed path in U is homotopic to a point. By Lemma 5.3, a 
convex open set is simply connected. Other examples of simply con- 
nected open sets will be given in the exercises. Simply connected open 
sets will be used in an essential way in the next section. 


Remark. The technique used in this section, propagating along curves, 
will again be used in the theory of analytic continuation in Chapter XI, §1, 
which actually could be read immediately as a continuation of this section. 


lll, §5. EXERCISES 


1. A set S is called star-shaped if there exists a point z,) in S such that the line 
segment between z, and any point z in S is contained in S. Prove that a 
star-shaped set is simply connected, that is, every closed path is homotopic to 
a point. 
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2. Let U be the open set obtained from C by deleting the set of real numbers 
= 0. Prove that U is simply connected. 


3. Let V be the open set obtained from C by deleting the set of real numbers 
<0. Prove that V is simply connected. 


4. (a) Let U be a simply connected open set and let f be an analytic function 
on U. Is f(U) simply connected? 
(b) Let H be the upper half-plane, that is, the set of complex numbers 
z=x+iy such that y>0. Let f(z) =e?"*. What is the image f(H)? Is 
f(A) simply connected? 


lll, §6. EXISTENCE OF GLOBAL PRIMITIVES. 
DEFINITION OF THE LOGARITHM 


In §3 we constructed locally a primitive for a holomorphic function by 
integrating. We now have the means of constructing primitives for a 
much wider class of open sets. 


Theorem 6.1. Let f be holomorphic on a simply connected open set U. 
Let z)¢€U. For any point ze U the integral 


g(z) = | " f(O ae 


is independent of the path in U from Z, to z, and g is a primitive for f, 
namely g'(z) = f(z). 


Proof. Let y,, y, be two paths in U from zy, to z. Let y; be the 
reverse path of y,, from z to Zz). Then 


Y={%>¥2 $ 


is a closed path, and by the first form of Cauchy’s theorem, 


Lreluelre 


Since the integral of f over y; is the negative of the integral of f over 
7, we have proved the first assertion. 

As to the second, to prove the differentiability of g at a point z,, if z 
is near z,, then we may select a path from z, to z by passing through 
Z,, that is 


ale) = oles) + | f, 
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and we have already seen that this latter integral defines a local primitive 
for f in a neighborhood of z,. Hence 


as desired. 


Example. Let U be the plane from which a ray starting from the 
origin has been deleted. Then U is simply connected. 


Proof. Let y be any closed path in U. For simplicity, suppose the ray 
is the negative x-axis, as on Fig. 17. Then the path may be described in 
terms of polar coordinates, 


y(t)=r(e™, astsb, 
with —z < O(t) <2. We define the homotopy by 
W(t, u)=r(uat+(1—u)theO™, OsuS1. 


Geometrically, we are folding back the angle towards 0, and we are 
contracting the distance r(t) towards r(a). It is clear that wy has the 
desired property. 


Remark. You could also note that the open set U is star-shaped 
(proof?), and so if you did Exercise 1 of §5, you don’t need the above 
argument to show that U is simply connected. 


Example (Definition of the Logarithm). Let U be a simply connected 
open set not containing 0. Pick a point z9¢U. Let wo be a complex 


Fold back 


Fold back 


Figure 17 
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number such that 
eo = Zo . 


(Any two such numbers differ by an integral multiple of 27i.) Define 


Zz 


1 
log z = Wo +| zu 


Then log z (which depends on the choice of z) and wy only) is a primi- 
tive for 1/z on U, and any other primitive differs from this one by a 
constant. 


Let Lo(i + w) = > (—1)"'w"/n be the usual power series for the log 
in a neighborhood of 1. If z is near Zp, then the function 


F(z) = Wo + Lo(1 + (2 — 20)/20) 


defines an analytic function. By Exercise 6 of Chapter II, §5, we have 
F’(z) = 1/z. Hence there exists a constant K such that for all z near Z, 
we have logz=F(z)+ K. Since both logz)=woy and F(Z.) = Wo, it 
follows that K = 0, so 


log z = F(z) for Z near Zp. 


Consequently, by Exercise 1 of Chapter II, §3, we find that 


log z 


ef? = 7 for z near Zo. 


Furthermore, given z, € U, we have 


z Z4 z 
hoe) 
Zo Zo 21 
so by a similar argument, we see that log z is analytic on U. The two 
analytic functions e'°*? and z are equal near z,. Since U is connected, 
they are equal on U by Theorem 1.2(ii), and the equation e!°%? = z 
remains valid for all ze U. 


If L(z) is a primitive for 1/z on U such that e* = z, then there exists 
an integer k such that 


L(z) = log z + 2nik. 


Indeed, if we let g(z) = L(z) — log z, then e%” = 1, so g(z) = 2nik for some 
integer k. 
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Example. Let V be the open set obtained by deleting the negative real 
axis from C, and write a complex number z e¢ V in the form 


z=re® with —n<O<n. 


We can select some 2, € V with 
Zo = roe”. 


For a positive real number r we let log r be the usual real logarithm, and 
we let 
log Zo = log ro + ip. 


Then V is simply connected, and for all ze V we have 
log z = logr + i0 with —1z7<0<1n2. 
For a numerical example, we have 


1—i=re® = V2e(-7/4) 
SO 


log(1 — i) = $log2— =. 


Example. On the other hand, let U be the open set obtained by de- 
leting the positive real axis from C, ie. U=C—R, 5. Take 0 < 6 < 2z. 
For this determination of the logarithm, let us find log(1 — i). We write 


1—i=re® = V2e'7"/4 


Then 
7 
log(1 — i) = 4 log2+ oe 


We see concretely how the values of the logarithm depend on the choice 
of open set and the choice of a range for the angle. 


Definition of z* for any complex «. By using the logarithm, we can 
define z under the following conditions. 

Let U be simply connected not containing 0. Let « be a complex 
number #0. Fix a determination of the log on U. With respect to this 
determination, we define 
alogz 


z*=e 


Then z’ is analytic on U. 
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Example. Let U be the open set obtained by deleting the positive real 
axis from the complex plane. We define the log to have the values 


log re = log r + i, 


where 0 < 6 < 2x. This is also called a principal value for the log in that 
open set. Then 


log i = in/2 and log(—i) = 3zi/2. 


In this case, 


ji _— gi logi _ eri? /2 _— ele 

Definition of log f(z). Let U be a simply connected open set and let f 
be an analytic function on U such that f(z) #0 for all ze U. We want 
to define log f(z). If we had this logarithm, obeying the same formalism 


as in ordinary calculus, then we should have 


—_ 
f(2) 


f'g=L2 


d 
dz log f(z) = rion 


Conversely, this suggests the correct definition. Select a point Z,.eé U. 
Let wo be a complex number such that exp(w,) = f(Zo). Since f is 
assumed to be without zeros on U, the function f'/f is analytic on U. 
Therefore we can define an analytic function L, on U by the integral 


7 FM 
zo J(6) 


L,(z) = Wo + dC. 


The function L, depends on the choice of z) and wo, and we shall 
determine the extent of this dependence in a moment. The integral can 
be taken along any path in U from z, to z because U is assumed to be 
simply connected. From the definition, we get the derivative 


Li(2) = f'@/f@) 
This derivative is independent of the choice of z) and wo, so choosing a 


different z) and wo changes L, at most by an additive constant which we 
shall prove is an integral multiple of 27i. We claim that 


exp L,(z) = f(z). 


To prove this formula, abbreviate L,(z) by L(z), and differentiate 
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e~-@) F(z). We find: 


© 0 Uef(2) = eH —L'()) fle) + ef'(2) 


I 
_ 1) (_ F'(2) ) 
=e ——— fiz) +f'(z 
(-F8 10) +7'@ 
= 0). 
Therefore e~*®) f(z) is constant on U since U is connected. By definition 
e"Go) f(z5) = e “f(zo) = 1, 
so the constant is 1, and we have proved that exp L,(z) = f(z) for ze U. 


If we change the choice of z) and wo such that e”° = f(z,), then the 
new value for L,(z) which we obtain is simply 


log f(z) + 2xik for some integer k, 
because the exponential of both values gives f(z). 


Remark. The integral for log f(z) which we wrote down cannot be 


written in the form 
f(z) 1 
| — de, 
SI (Zo) C 


because even though U is simply connected, the image f(U) may 
not be simply connected, as you can see in Exercise 7. Of course, if 
y: La,b] > U is a path from Zp to z, then we may form the composite 
path foy:[a,b]—C. Then we could take the integral 


{" la 
Sf (Zo), f oy C 


along the path foy. In this case, by the chain rule, 


| f(z) 1 it [ (7(6)) 1 at 
S(Zo), f° ¢ 7 S(y@), foy ¢ 
> 1 
= { foo)” (y(t) at 


_{? £O 
cor LO 


which is the integral that was used to define L,(z). 


d¢, 
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ll, §6. EXERCISES 


1. 


Compute the following values when the log is defined by its principal value on 
the open set U equal to the plane with the positive real axis deleted. 


(a) logi (b) log(—i) (c) log(—1 + i) 
(dd) i (e) (—i) (f) (—1)' 
(g) (-)" (h) log(—1— i) 


. Compute the values of the same expressions as in Exercise 1 (except (f) and 


(g)) when the open set consists of the plane from which the negative real axis 
has been deleted. Then take —1 < 60 <1. 


. Let U be the plane with the negative real axis deleted. Let y > 0. Find the 


limit 
lim [log(a + iy) — log(a — iy)] 
y70 


where a > 0, and also where a < 0. 


. Let U be the plane with the positive real axis deleted. Find the limit 


lim [log(a + iy) — log(a — iy)] 
yO 


where a < 0, and also where a > 0. 


. Over what kind of open sets could you define an analytic function z!/3, or 


more generally z'” for any positive integer n? Give examples, taking the open 
set to be as “large” as possible. 


. Let U be a simply connected open set. Let f be analytic on U and assume 


that f(z) #0 for all ze U. Show that there exists an analytic function g on U 
such that g* = f. Does this last assertion remain true if 2 is replaced by an 
arbitrary positive integer n? 


. Let U be the upper half plane, consisting of all complex numbers z = x + iy 


with y>0. Let o(z) = e?"”. Prove that @(U) is the open unit disc from the 
origin has been deleted. 


. Let U be the open set obtained by deleting 0 and the negative real axis from 


the complex numbers. For an integer m 2 1 define 


1 1 z™ 
L_,(Z)=|logz—-{1+=+-°::+—]]—. 
2 m/}m! 


Show that L’_,,(z) = L_,,+,(z), and that L’,(z) = log z. Thus L_,, is an m-fold 
integral of the logarithm. 


Ili, §7. THE LOCAL CAUCHY FORMULA 


We shall next give an application of the homotopy Theorem 5.2 to prove 
that a holomorphic function is analytic. The property of being analytic is 
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local: it means that a function has a power series expansion at every 
point (absolutely convergent on a disc of positive radius centered at the 
point). 


Theorem 7.1 (Local Cauchy Formula). Let D be a closed disc of 
positive radius, and let f be holomorphic on D (that is, on an open disc 
U containing D). Let y be the circle which is the boundary of D. Then 
for every Z, € D we have 


fe) = — | Ie) oy 


2ni J, Z— Zo 


Proof. Let C, be the circle of radius r centered at Zo, as illustrated on 
Fig. 18. 


Z 


“ 


Figure 18 


Then for small r, y and C, are homotopic. The idea for constructing the 
homotopy is to shrink y toward C, along the rays emanating from Zp. 
The formula can easily be given. Let z, be the point of intersection of a 
line through z and z, with the circle of radius r, as shown on Fig. 18. 


Then 
Z—Zo 
Zp = Zo + r 


|Z — Zo| 


Let y(t) (0 St <2) parametrize the circle y. Substituting y(t) for z we 


obtain 
y(t) — 2 


y(t), = Zo +r . 
ly(t) — Zo] 
Now define the homotopy by letting 
h(t, u) = uy(t), + (1 — w)y(t) for OSuK<l. 


Let U be an open disc containing D, and let U, be the open set obtained 
by removing Z, from U. Then h(t, u) € Up, that is, Zz) does not lie in the 
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image of h, because the segment between z and the point z, lies entirely 
outside the open disc of radius r centered at z). Thus y is homotopic to 
C, in Up. 

Let 


F(z) — flo) 


Z— Zo 


g(z) = 


for z€ D and z#2Z,. Then g is holomorphic on the open set Up). By 


Theorem 5.2, we get 
| g(z) dz = | g(z) dz. 
Y C, 


Since f is differentiable at zp), it follows that g is bounded in a neighbor- 
hood of z). Let B be a bound, so let |g(z)| < B for all z sufficiently close 
to z). Then for r sufficiently small we get 


| g(z) dz 
C, 


and the right side approaches 0 as r approaches 0. Hence we conclude 
that 


< Bilength of C,) = B2zr, 


| g(z) dz = 0. 
But then 
{2 , f Col g 
yZ- z4 = | Seo) = SE 
= feo) - ‘de 
c, 2 — 20 
= f(Z9)2mi. 


This proves the theorem. 


Theorem 7.2. Let f be holomorphic on an open set U. Then f is 
analytic on U. 


Proof. We must show that f has a power series expansion at every 
point z) of U. Because U is open, for each z)¢U there is some R > 0 
such that the closed disc D(z),.R) centered at z) and of radius R is 
contained in U. We are therefore reduced to proving the following theo- 
rem, which will give us even more information concerning the power 
series expansion of f at Zo. 
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Theorem 7.3. Let f be holomorphic on a closed disc D(zo, R), R > 0. 
Let Cp be the circle bounding the disc. Then f has a power series 
expansion 


f(2) =) a,(z — 20)" 


whose coefficients a, are given by the formula: 


I() 


in «(C29 


= 5 f%z0) = 


Furthermore, if ||f\|p denotes the sup norm of f on the circle Cp, then 
we have the estimate 


lan] S | flle/R”. 
In particular, the radius of convergence of the series is 2 R. 


Proof. By Theorem 7.1, for all z inside the circle Cp, we have 


f= | I) a 


Let O0<s<R. Let D(Z,, 5s) be the disc of radius s centered at z). We 
shall see that f has a power series expansion on this disc. We write 


1 Z—Z z—z,\? 
= 1+" + ( ) + ~), 
C- Zo ( ¢— Zo ¢— Zo 
This geometric series converges absolutely and uniformly for |z — z)| <s 
because 


=~ 70 <s/R< 1. 


Z 
€ — 2 


The function f is bounded on y. By Theorem 2.4 of Chapter III, we can 
therefore integrate term by term, and we find 


0 6] 
f@=yY | re tote = zo 


fo @) 
= y a,(Z ~ Zo)", 
0 


n= 
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where 


=| flO 


" 2ni J, (€ — 29)" 


This proves that f is analytic, and gives us the coefficients of its power 
series expansion on the disc of radius R. 


In particular, we now see that a function is analytic if and only if it is 
holomorphic. The two words will be used interchangeably from now on. 

There remains only to estimate the integral to get an estimate for the 
coefficients. The estimate is taken as usual, equal to the product of the 
sup norm of the expression under the integral sign, and the length of the 
curve which is 2xR. For all ¢ on the circle, we have 


IC — Zol = R, 


so the desired estimate falls out. Taking the n-th root of |a,|, we con- 
clude at once that the radius of convergence is at least R. 


Remark. From the statement about the radius of convergence in Theo- 
rem 7.3 we now see that if R is the radius of convergence of a power 
series, then its analytic function does not extend to a disc of radius > R; 
otherwise the given power series would have a larger radius of conver- 
gence, and would represent this analytic function on the bigger disc. For 
example, let 


f(z) = e7/z — 1). 


Then f is analytic except at z = 1. From the theorem, we conclude: 


The radius of convergence of the power series for f at the origin is 1. 

The radius of convergence of the power series for f at 2 1s 1. 

The radius of convergence of the power series for f at 5 is 4. 

The radius of convergence of the power series for f at —3 is 4. 

A function f is called entire if it is holomorphic on all of C. We also 
conclude from the above remark and the theorem that if a function is 


entire, then its power series converges for all ze C, in other words the 
radius of convergence 1s oo. 


Corollary 7.4. Let f be an entire function, and let ||f\|p be its sup 
norm on the circle of radius R. Suppose that there exists a constant C 
and a positive integer k such that 


fll < CR" 


for arbitrarily large R. Then f is a polynomial of degree Sk. 
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Proof. Exercise 3, but we carry out one important special case ex- 
plicitly: 


Theorem 7.5 (Liouville’s Theorem). A bounded entire function is con- 
stant. 


Proof. If f is bounded, then ||f||p is bounded for all R. In the 
preceding theorem, we let R tend to infinity, and conclude that the 
coefficients are all equal to 0 if n 21. This proves Liouville’s theorem. 


We have already proved that a polynomial always has a root in the 
complex numbers. We give here the more usual proof as a corollary of 
Liouville’s theorem. 


Corollary 7.6. A polynomial over the complex numbers which does not 
have a root in C is constant. 


Proof. Let f(z) be a non-constant polynomial, 
f(Z) = a,z" +°°° + ao, 
with a, #0. Suppose that f(z) #0 for all z. Then the function 
g(z) = 1/f(z) 


is defined for all z and analytic on C. On the other hand, writing 
f(z) = a,z"(l + b,/z + °°: + b,/z") 


with appropriate constants b,, ...,b, we see that | f(z)| is large when |z| is 
large, and hence that |g(z)| 0 as |z|—> oo. For sufficiently large radius 
R, |g(z)| is small for z outside the closed disc of radius R, and |g(z)| has a 
maximum on this disc since the disc is compact. Hence g is a bounded 
entire function, and therefore constant by Liouville’s theorem. This is 
obviously a contradiction, proving that f must have a zero somewhere 
in C. 


We end this section by pointing out that the main argument of Theo- 
rem 7.3 can be used essentially unchanged to define an analytic function 
and its derivatives by means of an integral, as follows. 


Theorem 7.7. Let y be a path in an open set U and let g be a 


continuous function on y (i.e. on the image y([a, b]) if y is defined on 
[a,b]). If z is not on y, define 


feo=| 2 ac. 
yG—2 
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Then f is analytic on the complement of y in U, and its derivatives are 
given by 


min\ g(¢) 
f' aan | Oo, dC. 


Proof. Let z7¢éU and Zz, not on y. Since the image of y is com- 
pact, there is a minimum distance between z, and points on y. Select 
0< R < dist(z), y), and take R also small enough that the closed disc 
D(z), R) is contained in U. Now we are essentially in the situation of 
Theorem 7.3. We may repeat the arguments of the proof. We select 
0O<s<R, and we simply replace f by g inside the integral sign. We 
expand 1/(€ — z) by means of the geometric series, and proceed with- 
out any further change to see that f has a power series expansion 
f =) a,(z — Zo)", where now the coefficients a, are given by 


We know from Chapter II, §5 that a, = f(z,)/n!, which gives us the 
proof of Theorem 7.7. 


There is also another way of looking at Theorem 7.7. Indeed, from 
the formula for f, it is natural to think that one can differentiate with 
respect to z under the integral sign. This differentiation will be justified 
in Theorem A3, §6, Chapter VIII, which the reader may wish to look at 
now. Then one gets the integral formula also for the derivatives. 

From Theorem 7.7 we obtain a bound for the derivative of an analytic 
function in terms of the function itself. This is of course completely 
different from what happens for real differentiable functions. 


Corollary 7.8. Let f be analytic on a closed disc D(zo,R), R>0. Let 
0<R, < R. Denote by ||f\|p the sup norm of f on the circle of radius 
R. Then for z€ D(z, Ri) we have 


| 
f(2)| < Rete 


Proof. This is immediate by using Theorem 7.1, and putting g =f 
inside the integral, with a factor of 1/2zi in front. The factor R in the 
numerator comes from the length of the circle in the integral. The 27 in 
the denominator cancels the 2x in the numerator, coming from the 
formula for the length of the circle. 


Note that if R; is close to R, then the denominator may be corre- 
spondingly large. On the other hand, suppose R; = R/2. Then the 
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estimate reads 
n Qntl 
R* 


Ps If lle 


which is thus entirely in terms of f| n, and R. 
Finally we return to reconsider Theorem 3.2 in light of the fact that a 
holomorphic function is analytic. 


Theorem 7.9 (Morera’s Theorem). Let U be an open set in C and let f 
be continuous on U. Assume that the integral of f along the boundary 
of every closed rectangle contained in U is 0. Then f is analytic. 


Proof. By Theorem 3.2, we know that f has a local primitive g at 
every point on U, and hence that g is holomorphic. By Theorem 7.2, we 
conclude that g is analytic, and hence that g’ = f is analytic, as was to be 
shown. 


We have now come to the end of a chain of ideas linking complex 
differentiability and power series expansions. The next two chapters treat 
different applications, and can be read in any order, but we have to 
project the book in a totally ordered way on the page axis, so we have 
to choose an order for them. The next chapter will study more system- 
atically a global version of Cauchy’s formula and winding numbers, 
which amounts to studying the relation between an integral and the 
winding number which we already encountered in some way via the 
logarithm. After that in Chapter V, we return to analytic considerations 
and estimates. 


Ill, §7. EXERCISES 


1. Find the integrals over the unit circle y: 


: 2 
(a) | — de (b) | mn? dz (c) | cost2’) 


Z Zz 


2. Write out completely the proof of Theorem 7.6 to see that all the steps in the 
proof of Theorem 7.3 apply. 


3. Prove Corollary 7.4. 


CHAPTER IV 


Winding Numbers and 
Cauchy's Theorem 


We wish to give a general global criterion when the integral of a holo- 
morphic function along a closed path is 0. In practice, we meet two 
types of properties of paths: (1) properties of homotopy, and (2) prop- 
erties having to do with integration, relating to the number of times a 
curve “winds” around a point, as we already saw when we evaluated the 


integral 
1 
jens 


along a circle centered at z. These properties are of course related, but 
they also exist independently of each other, so we now consider those 
conditions on a closed path y when 


[/- 


for all holomorphic functions f, and also describe what the value of this 
integral may be if not 0. 

We shall give two proofs for the global version of Cauchy’s theorem. 
Artin’s proof depends only on Goursat’s theorem for the integral of 
a holomorphic function around a rectangle, and a self-contained topo- 
logical lemma, having only to do with paths and not holomorphic func- 
tions. Dixon’s proof uses some of the applications to holomorphic func- 
tions which bypass the topological considerations. 

In this chapter, paths are again assumed to be piecewise C', and curves 
are again C’. 
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IV, §1. THE WINDING NUMBER 


In an example of Chapter III, §2, we found that 


1 1 
x | let. 
2ni J, Z 


if y is a circle around the origin, oriented counterclockwise. It is there- 
fore reasonable to define for any closed path y its winding number with 
respect to a point « to be 


1 1 
Wy, «) = — 
0%) 2ni [ Z— o a2 


provided the path does not pass through a. If y is a curve defined on an 
interval [a, b], then this integral can be written in the form 


| i= | AW dt 
yZ—o a Y(t) — 


Intuitively, the integral of 1/(z — a) should be called log(z — a), but it 
depends on the path. Later, we shall analyze this situation more closely, 
but for the moment, we need only the definition above without dealing 
with the log formally, although the interpretation in terms of the log 1s 
suggestive. 

The definition of the winding number would be improper if the follow- 
ing lemma were not true. 


Lemma 1.1. If y is a closed path, then W(y, «) is an integer. 


Proof. Let y = {y,,.--,¥,} Where each y; is a curve defined on an 
interval [a,, b,]. After a reparametrization of each curve if necessary, we 
may assume without loss of generality that b =a;,, for i=1, ....n—1. 
Then y 1s defined and continuous on an interval [a,b], where a= a,, 
b=b,, and y is differentiable on each open interval Jja;, b,[, (at the end 
points, y is merely right and left differentiable). Let 


_f ¥@ 
F(t) = I 1) a 


Then F is continuous on [a,b] and differentiable for t #,,b,. Its 
derivative is 


y(t) 
y(t) — a 


F(t) = 
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(Intuitively, F(t) = log(y(t) — «) except for the dependence of path and a 
constant of integration, but this suggests our next step.) We compute the 
derivative of another function: 


© FO(y(0) — a) = eFY'(0) — Fe F(H() — a) = 0 
Hence there is a constant C such that e~*(y(t) — a) = C, so 
y(t) — a = CeF™, 
Since y is a closed path, we have y(a) = y(b), and 
CeF®) = y(b) — a = y(a) — a = Ce*™. 
Since y(a) — a # 0 we conclude that C 4 0, so that 
oF (a) — pF) 
Hence there is an integer k such that 
F(b) = F(a) + 2zik. 
But F(a) = 0, so F(b) = 2zik, thereby proving the lemma. 


The winding number of the curve in Fig. 1 with respect to a is equal 
to 2. 


> 


Figure 1 


Lemma 1.2. Let y be a path. Then the function of « defined by 


1 
2| dz 
yzZ—o 


for & not on the path, is a continuous function of «. 
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Proof. Given a) not on the path, we have to see that 


1 1 
| (=a s=a)* 
y Z—-@ Z— AX 


tends to 0 as a tends to a. This integral is estimated as follows. The 
function tt» |a) — y(t)| is continuous and not 0, hence it has a minimum, 
the minimum distance between a, and the path, say 


min |%) — y(t)| = s. 
t 


If a is sufficiently close to a, then |a — y(t)| 2 s/2, as illustrated in Fig. 2. 


s/2 


Figure 2 


We have 


I 1 a — OX 


Z—-A Z2—M (Z—4a)(Z— a) 


whence the estimate 


Consequently, we get 


| ( 1 61 ul< 1 : L 
y 7 — oO Z— 2) S 5774 |% — Aol (y). 


The right-hand side tends to 0 as a tends to a, and the continuity is 
proved. 
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Lemma 1.3. Let y be a closed path. Let S be a connected set not 
intersecting y. Then the function 


is constant for « in S. If S is not bounded, then this constant is 0. 


Proof. We know from Lemma 1.1 that the integral is the winding 
number, and is therefore an integer. If a function takes its values in the 
integers, and is continuous, then it is constant on any curve, and conse- 
quently constant on a connected set. If S is not bounded, then for « 
arbitrarily large, the integrand has arbitrarily small absolute value, that 
1S, 

1 


|Z — | 


is arbitrarily small, and estimating the integral shows that it must be 
equal to 0, as desired. 


Example. Let U be the open set in Fig. 3. Then the set of points not 
in U consists of two connected components, one inside U and the other 
unbounded. Let y be the closed curve shown in the figure, and let a, be 
the point inside y, whereas «a, is the point outside U, in the unbounded 
connected region. Then 


Wy, a1) = I, but Wy, a) = 0. 


Figure 3 
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We have drawn a curve extending from «, towards infinity, such that 
W(y, «) = 0 for a on this curve, according to the argument of Lemma 1.3. 


IV, §2. THE GLOBAL CAUCHY THEOREM 


Let U be an open set. Let y be a closed path in U. We want to give 
conditions that 
[ys 
Y 


for every holomorphic function f on U. We already know from the 
example of a winding circle that if the path winds around some point 
outside of U (in this example, the center of the circle), then definitely we 
can find functions whose integral is not equal to 0, and even with the 
special functions 


fe)=— 


~— 9 
zZ—@ 


where « is a point not in U. The remarkable fact about Cauchy’s 
theorem is that it will tell us this is the only obstruction possible to 


having 
[- 
Y 


for all possible functions f. In other words, the functions 


1 
9 
Z— oO 


a¢U, 


suffice to determine the behavior of |, f for all possible functions. With 
this in mind, we want to give a name to those closed paths in U having 
the property that they do not wind around points in the complement of 
U. The name we choose is homologous to 0, for historical reasons. 
Thus formally, we say that a closed path y in U is homologous to 0 in U 


if 
1 
| dz=0 
yzZ—o 


for every point a not in U, or in other words, more briefly, 


W(y, a) = 0 


for every such point. 
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Similarly, let y, 7 be closed paths in U. We say that they are homolo- 
gous in U if 
Wy, a) = W(n, 2) 


for every point « in the complement of U. It will also follow from 
Cauchy’s theorem that if y and 7 are homologous, then 


oo] 


for all holomorphic functions f on U. 


Theorem 2.1. 


(i) If y, 4 are closed paths in U and are homotopic, then they are 
homologous. 

(i) If y, 4 are closed paths in U and are close together then they are 
homologous. 


Proof. The first statement follows from Theorem 5.2 of the preceding 
chapter because the function 1/(z — «) is analytic on U for a¢ U. The 
second statement is a special case of Lemma 4.4 of the preceding chapter. 


Next we draw some examples of homologous paths. 

In Fig. 4, the curves y and ny are homologous. Indeed, if « is a point 
inside the curves, then the winding number is 1, and if « is a point in the 
connected part going to infinity, then the winding number is 0. 


Figure 4 


In Fig. 5 the path indicated is supposed to go around the top hole 
counterclockwise once, then around the bottom hole counterclockwise 
once, then around the top in the opposite direction, and then around the 
bottom in the opposite direction. This path is homologous to 0, but not 
homotopic to a point. 
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Figure 5 


In Fig. 6, we are dealing with a simple closed curve, whose inside is 
contained in U, and the figure is intended to show that y can be de- 
formed to a point, so that y is homologous to 0. 


Figure 6 


Given an open set U, we wish to determine in a simple way those 
closed paths which are not homologous to 0. For instance, the open set 
U might be as in Fig. 7, with three holes in it, at points z,, z,, 23, so 
these points are assumed not to be in U. 


Figure 7 
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Let y be a closed path in U, and let f be holomorphic on U. We 
illustrate y in Fig. 8. 


Figure 8 


In that figure, we see that y winds around the three points, and winds 
once. Let y,, y2, y3 be small circles centered at z,, z,, z, respectively, 
and oriented counterclockwise, as shown on Fig. 8. Then it is reasonable 


to expect that 
frefre[refs 


This will in fact be proved after Cauchy’s theorem. We observe that 
taking y,, y2, y3 together does not constitute a “path” in the sense we 
have used that word, because, for instance, they form a disconnected set. 
However, it is convenient to have a terminology for a formal sum like 
¥; + y2 +73, and to give it a name n, so that we can write 


oJ! 


The name that is standard is the name chain. Thus let, in general, 
Vis ++-sY, be curves, and let m,, ...,m, be integers which need not be 
positive. A formal sum 


y= my, +77 +m,), = » m;); 


will be called a chain. If each curve y; is a curve in an open set U, we 
call y a chain in U. We say that the chain is closed if it is a finite sum of 
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closed paths. If y is a chain as above, we define 


[r-dm] 


If y = >) m,y; is a closed chain, where each y; is a closed path, then its 
winding number with respect to a point a not on the chain is defined as 
before, 


1 1 
W(y, a) = — | ——— dz. 
2ni J, 2— o 
If y, y are closed chains in U, then we have 
Wy + 7, «) = Wy, a) + Wn, @). 
We say that y is homologous to 7 in U, and write y ~ n, if 
W(y, «) = W(n, %) 
for every point a¢ U. We say that y is homologous to 0 in U and write 
y~ Oif 
Wy, a) = 0 
for every point a ¢ U. 
Example. Let y be the curve illustrated in Fig. 9, and let U be the 
plane from which three points z,, z,, z3 have been deleted. Let y,, y2, 73 
be small circles centered at z,, z,, z3 respectively, oriented counterclock- 


wise. Then it will be shown after Cauchy’s theorem that 


y~ yy t+ 272 + 273, 


71 72 


Figure 9 
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so that for any function f holomorphic on U, we have 


[r=[ rez] po] 


The above discussion and definition of chain provided motivation for 
what follows. We now go back to the formal development, and state the 
global version of Cauchy’s theorem. 


Theorem 2.2 (Cauchy’s Theorem). Let y be a closed chain in an open 
set U, and assume that y is homologous to 0 in U. Let f be holo- 
morphic in U. Then 
[reo 
Y 


A proof will be given in the next section. Observe that all we shall 
need of the holomorphic property is the existence of a primitive locally at 
every point of U, which was proved in the preceding chapter. 


Corollary 2.3. If y, 1 are closed chains in U and y, n are homologous in 


U, then 
ji] 


Proof. Apply Cauchy’s theorem to the closed chain y — n. 


Before giving the proof of Cauchy’s theorem, we state two important 
applications, showing how one reduces integrals along complicated paths 
to integrals over small circles. 


Theorem 2.4. 


(a) Let U be an open set and y a closed chain in U such that y is 
homologous to 0 in U. Let z,, ...,z, be a finite number of distinct 
points of U. Let y; (i=1,...,n) be the boundary of a closed disc 
D, contained in U, containing z;, and oriented counterclockwise. We 
assume that D; does not intersect D, if i#j. Let 


mn, = Wy, Zi). 


Let U* be the set obtained by deleting z,, ...,z, from U. Then y is 
homologous to ¥\ m;y, in U*. 
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(b) Let f be holomorphic on U*. Then 


Proof. Let C=y—).m,y;. Let « be a point outside U. Then 
WiC, dt) = Wy, ot) ~~ » mM; Wy; at) = 0 


because « is outside every small circle y;. If «=z, for some k, then 
W(y;, z,) = 1 if i=k and 0 if i#k by Lemma 1.3. Hence 


W(C, z,) = Wy, 2) — m, = 0. 


This proves that C is homologous to 0 in U*. We apply Theorem 2.2 to 
conclude the proof. 


The theorem is illustrated in Fig. 10. We have 


Y~ V1 — 272 — ¥3 — 2Ya, 


es Relea cle ela 


and 


Figure 10 


The theorem will be applied in many cases when U is a disc, say 
centered at the origin, and y is a circle in U. Then certainly y is homo- 
topic to a point in U, and therefore homologous to 0 in U. Let Z,,...,z, 
be points inside the circle, as on Fig. 11. Then Theorem 2.4 tells us that 
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where C; is a small circle around z;. (Circles throughout are assumed 
oriented counterclockwise unless otherwise specified.) 


C3 


Figure 11 


In Example 5 of Chapter III, §2, we gave explicitly the values of the 
integrals around small circles in terms of the power series expansion of f 
around the points z,, ...,z,.. We may also state the global version of 
Cauchy’s formula. 


Theorem 2.5 (Cauchy’s Formula). Let y be a closed chain in U, homo- 
logous to 0 in U. Let f be analytic on U, let zy be in U and not on y. 
Then 


I F(z) 


ani dz = W(y, Zo) f (Zo). 
Ti J, Z— Zo 


Proof. We base this proof on Theorems 2.2 and 2.4. An independent 
proof will be given below. By assumption, in a neighborhood of z,, we 
have a power series expansion 


f(z) = ay + a,(z — Z,) + higher terms, with dy = f(Zo). 
Let C, be the circle of radius r centered at z, for a small value of r. By 


Theorem 2.4, the integral over y can be replaced by the integral over C, 
times the appropriate winding number, that is 


7 | I) a, Wy, ro)aui | y a,(2 — 29)" * dz = W(y, 20)ao, 
y Tl C, n=0 


2ni J, Z— Zo 
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because we can integrate term by term by Theorem 2.4 of Chapter III, 
and we can apply Example 5 or Exercise 1 of Chapter III, §2, to con- 
clude the proof. 


Example. Using Theorem 2.5, we find the integral 


| . dz 

y 2 

taken over a path » not passing through the origin, and having winding 
number 1 with respect to 0, that is, W(y,0)=1. We let U=C. Then y 


is homologous to 0 in U, and in fact y is homotopic to a point. Hence 
Theorem 2.5 applies by letting z) = 0, and we find 


e? 
— dz = 2nie® = 2ni. 
,Z 


Remark 1. We have shown that Theorem 2.2 (Cauchy’s theorem) 
implies Theorem 2.5 (Cauchy’s formula). Conversely, it is easily seen that 
Cauchy’s formula implies Cauchy’s theorem. Namely, we let zo be a 
point in U not on y, and we let 


F(z) = (2 — 29) f(2). 


Applying Cauchy’s formula to F yields 


1 _1{ FO, - 
ani | 10 dz = ani [ Z— Zo dz = F(Zo)W(y, Zo) = 0, 
as desired. 


Remark 2. In older texts, Cauchy’s theorem is usually stated for the 
integral over a simple closed curve, in the following form: 


Let U be an open set, f holomorphic on U and let y be a simple closed 
curve whose interior is contained in U. Then 


[yao 


It was realized for a long time that it is rather hard to prove that a 
simple closed curve decomposes the plane into two regions, its interior 
and exterior. It is not even easy to define what is meant by “interior” or 
“exterior” a priori. In fact, the theorem would be that the plane from 
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which one deletes the curve consists of two connected sets. For all 
points in one of the sets the winding number with respect to the curve is 
1, and for all points in the other, the winding number is 0. In any case, 
these general results are irrelevant in the applications. Indeed, both in 
theoretical work and in practical applications, the statement of Cauchy’s 
theorem as we gave it is quite efficient. In special cases, it is usually 
immediate to define the “interior” and “exterior” having the above prop- 
erty, for instance for circles or rectangles. One can apply Theorem 2.2 
without appealing to any complicated result about general closed curves. 


Dixon’s Proof of Theorem 2.5 (Cauchy’s Formula) 


The proof we gave of Theorem 2.5 was based on Theorem 2.2 via 
Theorem 2.4. We shall now reproduce Dixon’s proof of Theorem 2.5, 
which is direct, and is based only on Cauchy’s formula for a circle 
and Liouville’s theorem. Those results were proved in Chapter III, §7. 
Dixon’s proof goes as follows. 

We define a function g on U x U by: 


f(w) — f(z) if w #2, 
g(z, w) = w—2Z 


f'(2) if w =z. 


For each w, the function z+» g(z, w) 1s analytic. Furthermore, g is contin- 
uous on U x U. This is obvious for points off the diagonal, and if 
(Zo, Zo) is on the diagonal, then for (z, w) close to (Zp, Zo) 


1 w 
g(2, W) — (Zo, 20) = ——— | LF°(C) — f'(Zo)] a0. 


The integral can be taken along the line segment from z to w. Estimat- 
ing the right-hand side, we see that 1/|w — z| cancels the length of the 
interval, and the expression under the integral sign tends to O by the 
continuity of f’, as (z, w) approaches (Zo, Z)). Thus g is continuous. 

Let V be the open set of complex numbers z not on y such that 
W(y, z)=0. By the hypothesis of Cauchy’s theorem, we know that V 
contains the complement of U. Hence C=UWUV. We now define a 
function h on C by two integrals: 


1 ; 
h(z) = ani | g(z, w) dw if ze U, 
Y 


h(z) = IO) aw if zev. 
2ni yw-zZ 
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We note that for ze UNV, the two definitions of h coincide. We shall 
prove that h is a bounded entire function, whence constant by Liouville’s 
theorem, whence equal to 0 by letting z tend to infinity for ze V, and 
using the definition of h. It is then clear that for ze U the first integral 
being zero immediately implies Cauchy’s formula 


a | Saw = feo. 
Tl 


W 


We have already seen in Remark 1 that Cauchy’s formula implies 
Cauchy’s theorem. 

There remains therefore to prove that h is an analytic function and is 
bounded. We first prove that h is analytic. It 1s immediate that h is 
analytic on V. Hence it suffices to prove that h is analytic on U. So let 
Z>éU. From the uniform continuity of g on compact subsets of U x U 
it follows at once that h is continuous. To prove that h is analytic, by 
Theorem 3.2 of Chapter III, and the fact that a holomorphic function is 
analytic, it suffices to prove that in some disc centered at Z,, the integral 
of h around the boundary of any rectangle contained in the disc is 0. 


But we have 
| Me) d= | [ g(z, w) dw dz 
OR 


-sal |, g(z, w) dz dw. 


Since for each w, the function z++g(z, w) is analytic, we obtain the value 
0, thereby concluding the proof that h is analytic. 
As for the boundedness, suppose that z lies outside a large circle. 


Then 
| Pe aw= se | aw =0 
yW—2 yw—Z 


because the winding number of y with respect to z is 0 by Lemma 1.3 of 
Chapter IV. Furthermore, if |z| > oo then 


| TO) dw > 0. 


WwW-—-Z 


It follows that h is bounded outside a large circle, whence bounded since 
h is analytic. This concludes the proof. 
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IV, §2. EXERCISES 


1. (a) Show that the association ft f’/f (where f is holomorphic) sends 
products to sums. 
(b) If P(z) =(z—a,)-::(z —a,), where a,, ...,a, are the roots, what is P’/P? 
(c) Let y be a closed path such that none of the roots of P lie on y. Show 
that 


x | (P’/P)(z) dz = W(y, a,) + +--+ W(y, a,). 
2ni J, 


2. Let f(z) = (z — Z,)"h(z), where h is analytic on an open set U, and h(z) 4 0 for 
all ze U. Let y be a closed path homologous to 0 in U, and such that z>) does 
not lie on y. Prove that 


1 f@ 
2ni J, f(z) 


dz = W(y, Z))m. 


3. Let U be a simply connected open set and let z,,...,z, be points of U. Let 
U* = U — {21,...,Zn} be the set obtained from U by deleting the points 
Z1,--.,Zn. Let f be analytic on U*. Let y, be a small circle centered at z, and 
let 

l 


a = 5 | 1@ dt. 


Let h(z) = f(z) — >> a,/(z — z,). Prove that there exists an analytic function H 
on U* such that H’=h. 


Note. The train of thought of the above exercises will be pursued systematically 
in Chapter VI, Theorem 1.5. 


IV, §3. ARTIN’S PROOF 


In this section we prove Theorem 2.2 by making greater use of topologi- 
cal considerations. We reduce Theorem 2.2 to a theorem which involves 
only the winding number, and not the holomorphic function f, and we 
state this result as Theorem 3.2. The application to the holomorphic 
function will then be immediate by applying some results of Chapter III. 
We have already found that integrating along sides of a rectangle works 
better than over arbitrary curves. We pursue this idea. A path will be 
said to be rectangular if every curve of the path is either a horizontal 
segment or a vertical segment. We shall see that every path is homolo- 
gous with a rectangular path, and in fact we prove: 


Lemma 3.1. Let y be a path in an open set U. Then there exists a 
rectangular path n with the same end points, and such that y, n are close 
together in U in the sense of Chapter III, §4. In particular, y and n are 
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homologous in U, and for any holomorphic function f on U we have 


[-f 


Proof. Suppose y is defined on an interval [a,b]. We take a partition 
of the interval, 


a=d) $a, Sa, 8°'''Sa,=b 
such that the image of each small interval 
(La; 4:41 J) 
is contained in a disc D; on which f has a primitive. Then we replace 


the curve y on the interval [a,, a;,,] by the rectangular curve drawn on 
Fig. 12. This proves the lemma. 


Figure 12 


In the figure, we let z; = y(a;). 
If y is a closed path, then it is clear that the rectangular path con- 
structed in the lemma is also a closed path, looking like this: 


Figure 13 
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The lemma reduces the proof of Cauchy’s theorem to the case when y 
is a rectangular closed chain. We shall now reduce Cauchy’s theorem to 
the case of rectangles by stating and proving a theorem having nothing 
to do with holomorphic functions. We need a little more terminology. 

Let y be a curve in an open set U, defined on an interval [a, b]. Let 


be a partition of the interval. Let 


Yi: Lai, 4i4,] > U 
be the restriction of y to the smaller interval [a;, a;,,]. Then we agree to 
call the chain 


Vit yor ty, 


a subdivision of y. Furthermore, if 7; is obtained from y,; by another 
parametrization, we again agree to call the chain 


My tna2to +, 
a subdivision of y. For any practical purposes, the chains y and 
Mi +n2 t+, 


do not differ from each other. In Fig. 14 we illustrate such a chain y and 
a subdivision 7, + 4. +73 +14. 


n2 n3 n4 


Figure 14 


Similarly, if y = }' my, is a chain, and {n,,} is a subdivision of y,, we 


call 
Y d MiNi 


a subdivision of y. 


Theorem 3.2. Let y be a rectangular closed chain in U, and assume that 
y is homologous to 0 in U, i.e. 


Wy, 0) = 0 


for every point « not in U. Then there exist rectangles R,...,Rn 
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contained in U, such that if 0R; is the boundary of R; oriented counter- 
clockwise, then a subdivision of y is equal to 


N 
>> mM; , OR; 


i=] 
for some integers mj. 


Lemma 3.1 and Theorem 3.2 make Cauchy’s Theorem 2.2 obvious 
because we know that for any holomorphic function f on U, we have 


[. 
OR; 


by Goursat’s theorem. Hence the integral of f over the subdivision of y 
is also equal to 0, whence the integral of f over y is also equal to 0. 

We now prove the theorem. Given the rectangular chain y, we draw 
all vertical and horizontal lines passing through the sides of the chain, as 
illustrated on Fig. 15. 


Figure 15 


Then these vertical and horizontal lines decompose the plane into rectan- 
gles, and rectangular regions extending to infinity in the vertical and 
horizontal direction. Let R; be one of the rectangles, and let a; be a 
point inside R;. Let 


m, = W(y, a). 
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For some rectangles we have m; = 0, and for some rectangles, we have 
m, #0. We let R,, ...,Ry be those rectangles such that m,, ...,my are 
not 0, and we let GR; be the boundary of R, for i= 1, ...,N, oriented 
counterclockwise. We shall prove the following two assertions: 


1. Every rectangle R; such that m; # 0 is contained in U. 


2. Some subdivision of y is equal to 


2 


m;0R;. 
i=1 


l 


This will prove the desired theorem. 


Assertion 1. By assumption, a; must be in U, because W(y, a) = 0 for 
every point « outside of U. Since the winding number is constant on 
connected sets, it is constant on the interior of R,;, hence #0, and the 
interior of R; is contained in U. If a boundary. point of R, is on y, then 
it is in U. If a boundary point of R; is not on y, then the winding 
number with respect to y is defined, and is equal to m; # 0 by continuity 
(Lemma 3.2). This proves that the whole rectangle R;, including its 
boundary, is contained in U, and proves the first assertion. 


Assertion 2. We now replace y by an appropriate subdivision. The 
vertical and horizontal lines cut y in various points. We can then find a 
subdivision 7 of y such that every curve occurring in 7 is some side of a 
rectangle, or the finite side of one of the infinite rectangular regions. The 
subdivision 7 is the sum of such sides, taken with appropriate multi- 
plicities. If a finite side of an infinite rectangle occurs in the subdivision, 
after inserting one more horizontal or vertical line, we may assume that 
this side is also the side of a finite rectangle in the grid. Thus without loss 
of generality, we may assume that every side of the subdivision is also the 
side of one of the finite rectangles in the grid formed by the horizontal and 
vertical lines. 


It will now suffice to prove that 


y= > m;OR;. 


Suppose 7 — >| m;0R; is not the 0 chain. Then it contains some horizontal 
or vertical segment o, so that we can write 


yn — S| mR; =mo+C", 


where m is an integer, and C* is a chain of vertical and horizontal segments 
other than o. Then a is the side of a finite rectangle R,. We take o with 
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the orientation arising from the counterclockwise orientation of the 
boundary of the rectangle R,. Then the closed chain 


C= / S| mjOR; —_ moRx, 


does not contain o. Let «, be a point interior to R,, and let a’ be a point 
near o but on the opposite side from o;,, as shown on the figure. 


Figure 16 


Since 7 — 5>m;0R; — m0R, does not contain a, the points a, and «’ are 
connected by a line segment which does not intersect C. Therefore 


W(C, a) = W(C,a’). 
But W(n,o.) =m, and W(dR;,o,) =0 unless i=k, in which case 
W(ORx,%) = 1. Similarly, if «’ is inside some finite rectangle R;, so 
a’ =a;, we have 
0 if j#k, 


W(ORk, 43) = 1 if j=k 


If a’ is in an infinite rectangle, then W(0R,,a’) =0. Hence: 


W(C, a) = W(n — S| mR; — mORe, a ) =m, -mMm-m=-—m; 


W(C,a') = W (1 — S| mR; — maRy, 2’) = 0. 


This proves that m= 0, and concludes the proof that 47 — 5) mj;0R; = 0. 


CHAPTER V 


Applications of Cauchy's 
Integral Formula 


In this chapter, we return to the ideas of Theorem 7.3 of Chapter III, 
which we interrupted to discuss some topological considerations about 
winding numbers. We come back to analysis. We shall give various 
applications of the fact that the derivative of an analytic function can be 
expressed as an integral. This is completely different from real analysis, 
where the derivative of a real function often is less differentiable than the 
function itself. In complex analysis, one can exploit the phenomenon in 
various ways. For instance, in real analysis, a uniform limit of a se- 
quence of differentiable functions may be only continuous. However, in 
complex analysis, we shall see that a uniform limit of analytic functions 
is analytic. 

We shall also study a point where a function is analytic near the 
point, but not necessarily at the point itself. Such points are the isolated 
singular points of the function, and the behavior of the function can be 
described rather accurately near these points. 


V, §1. UNIFORM LIMITS OF ANALYTIC FUNCTIONS 


We first prove a general theorem that the uniform limit of analytic 
functions is analytic. This will allow us to define analytic functions by 
uniformly convergent series, and we shall give several examples, in text 
and in the exercises. 


Theorem 1.1. Let {f,} be a sequence of holomorphic functions on an 
open set U. Assume that for each compact subset K of U the sequence 
converges uniformly on K, and let the limit function be f. Then f is 
holomorphic. 
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Proof. Let z) € U, and let Dg be a closed disc of radius R centered at 
Zo and contained in U. Then the sequence { f,} converges uniformly on 
Dz. Let Cp be the circle which is the boundary of Dg. Let Dj be the 
closed disc of radius R/2 centered at z). Then for z € Dg, we have 


hle= 55 | Aas 
Cr 


2Ti (—2z 


and |€ — z| 2 R/2. Since {f,} converges uniformly, for |z — z)| < R/2, we 


get 
payne | fae 


Oni (—2z 


By Theorem 7.7 of Chapter HI it follows that f is holomorphic on a 
neighborhood of z,). Since this is true for every Z) in U, we have proved 
what we wanted. 


Theorem 1.2. Let {f,} be a sequence of analytic functions on an open 
set U, converging uniformly on every compact subset K of U to a 
function f. Then the sequence of derivatives { f,} converges uniformly 
on every compact subset K, and lim f, = f". 


Proof. The proof will be left as an exercise to the reader. [Hint: 
Cover the compact set with a finite number of closed discs contained in 
U, and of sufficiently small radius. Cauchy’s formula expresses the deriv- 
ative f/ as an integral, and one can argue as in the previous theorem. | 


Example. Let 


We shall prove that this function is holomorphic for Rez> 41. Each 
term 
f,(z) _— n 2 _ e Zlogn 
is an entire function. Let z=x+iy. We have 
|e~7 osm — |e *losne—iylogn — n™. 


Let c>1. For x 2c we have |n *| <n “ and the series 


1 


c 


M13 


n 


ll 
a 


n 


converges for c>1. Hence the series ) f,(z) converges uniformly and 
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absolutely for Re z 2c, and therefore defines a holomorphic function for 
Rez>c. This is true for every c>1, and hence f is holomorphic for 
Rez > 1. 


In the same example, we have 


—logn 
ful) = — 
By Theorem 1.2, it follows that 
—logn 
f@=y 8 
=] n? 


in this same region. 


V, §1. EXERCISES 


1. Let f be analytic on an open set U, let zy e U and f’(z)) 40. Show that 


2ni 


=| ——_qz, 
f'(@) ees ° 


where C is a small circle centered at zy. 


2. Weierstrass’ theorem for a real interval [a,b] states that a continuous func- 
tion can be uniformly approximated by polynomials. Is this conclusion still 
true for the closed unit disc, i.e. can every continuous function on the disc be 
uniformly approximated by polynomials? 


3. Let a>0Q. Show that each of the following series represents a holomorphic 
function: 


(a) Ye"? for Rez>0; 


n=1 


e anz 


b for Rez >0; 
(b) Lax > or Rez 


i? 6) 


1 
(c) 2X Gan for Rez > 1. 


4. Show that each of the two series converges uniformly on each closed disc 
lz} Sc withO<c<1: 


; and Ya 


z") 


5. Prove that the two series in Exercise 4 are actually equal. [Hint: Write each 
one in a double series and reverse the order of summation. ] 
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6. Dirichlet Series. Let {a,} be a sequence of complex numbers. Show that the 
series ) a,/n*, if it converges absolutely for some complex s, converges abso- 
lutely in a right half-plane Re(s) > o9, and uniformly in Re(s) > oy + ¢ for every 
« >0. Show that the series defines an analytic function in this half plane. 
The number go is called the abscissa of convergence. 


The next exercises give expressions and estimates for an analytic function in 
terms of integrals. 


7. Let f be analytic on a closed disc D of radius b > 0, centered at z). Show 
that 


1 
1A f pes mnérdee fea 
mb D 


[Hint: Use polar coordinates and Cauchy’s formula. Without loss of gen- 
erality, you may assume that z) = 0. Why?] 


8. Let D be the unit disc and let S be the unit square, that is, the set of 
complex numbers z such that 0 < Re(z) < 1 and 0 < Im(z)<1. Let f:D->S 
be an analytic isomorphism such that f(0) = (1+ i)/2. Let u, v be the real 
and imaginary parts of f respectively. Compute the integral 


|.) *(5) Jee 


9. (a) Let f be an analytic isomorphism on the unit disc D, and let 


be its power series expansion. Prove that 
o8) 

area f(D) = nS — nla,” 
n=] 


(b) Suppose that f is an analytic isomorphism on the closed unit disc D, 
and that | f(z)| 2 1 if |z| = 1, and f(0)=0. Prove that area f(D) = x. 


10. Let f be analytic on the unit disc D and assume that [{p|f|? dx dy exists. 
Let 


fe)= ¥ az 
Prove that 
1 00 
57 {| f(z)? dx dy = > |a,|?/(2n + 2). 
21 D n=0 
For the next exercise, recall that a norm || || on a space of functions asso- 


ciates to each function f a real number 2 0, satisfying the following conditions: 


N 1. We have || f|| = 0 if and only if f = 0. 
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N 2. If cis a complex number, then |cf|| = [cl || fl. 


N3. |f+gl SFI + lg. 


11. Let A be the closure of a bounded open set in the plane. Let f, g be 
continuous functions on A. Define their scalar product 


Gg -|{ f(2)g(2) dy ax 


and define the associated L?-norm by its square, 


Illa = {| Lf)? dy dx. 


Show that || f||, does define a norm. Prove the Schwarz inequality 


Kf 9>l S Ifllaliglle- 
On the other hand, define 


WF ila -|{ | f(z)| dy dx. 


Show that ft» ||f||, is a norm on the space of continuous functions on A, 

called the L'-norm. This is just preliminary. Prove: 

(a) Let O0<s<R. Prove that there exist constants C,, C, having the fol- 
lowing property. If f is analytic on a closed disc D of radius R, then 


IFlls 3 Cilf lle S Collfllar, 


where || ||, is the sup norm on the closed disc of radius s, and the L!, L? 
norms refer to the integral over the disc of radius R. 

(b) Let {f,} be a sequence of holomorphic functions on an open set U, and 
assume that this sequence is L*-Cauchy. Show that it converges uni- 
formly on compact subsets of U. 


12. Let U, V be open discs centered at the origin. Let f = f(z, w) be a continuous 
function on the product U x V, such that for each w the function z+ f(z, w) 
and for each z the function wt f(z, w) are analytic on U and VJ, respectively. 
Show that f has a power series expansion 


F(Z, W) = Yan Z™w" 


which converges absolutely and uniformly for |z| <r and |w| <r, for some 
positive number r. [Hint: Apply Cauchy’s formula for derivatives twice, with 
respect to the two variables to get an estimate for the coefficients a,,,.] 
Generalize to several variables instead of two variables. 


Note. This exercise is really quite trivial, although it is not generally realized 
that it is so. The point is that the function f is assumed to be continuous. If that 
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assumption is not made, the situation becomes much more difficult to handle, 
and the result is known as Hartogs’ theorem. In practice, continuity is indeed 
satisfied. 


V, §2. LAURENT SERIES 


By a Laurent series, we mean a series 


f= Yo az". 


n=—@ 


Let A be a set of complex numbers. We say that the Laurent series 
converges absolutely (resp. uniformly) on A if the two series 


f*()= az" and f-(2= > a,z" 


nz0 n<Q 


converge absolutely (resp. uniformly) on A. If that is the case, then f(z) 
is regarded as the sum, 


f(2) = f7@ + f-©). 


Let r, R be positive numbers with 0<r<R. We shall consider the 
annulus A consisting of all complex numbers z such that 


rS|z| SR. 


Figure 1 
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Theorem 2.1. Let A be the above annulus, and let f be a holomorphic 
function on A. Let r<s<S<R. Then f has a Laurent expansion 


f(z) = xy a,z" 


which converges absolutely and uniformly on s S$ |z| SS. Let Cp and C, 
be the circles of radius R and r, respectively. Then the coefficients a, 
are obtained by the usual formula: 


a, = 7 ee dt if n2O, 
4 
a= 55) = dt if n<0. 


Proof. For some € > 0 we may assume (by the definition of what it 
means for f to be holomorphic on the closed annulus) that f is holo- 
morphic on the open annulus U of complex numbers z such that 


r—e<|zj)<Rt+e. 


The chain Cp — C, is homologous to 0 on U, because if a point lies in 
the outer part then its winding number is zero by the usual Lemma 1.3 
of Chapter IV, and if the point lies in the disc inside the annulus, then its 
winding number is 0. Cauchy’s formula then implies that for z in the 
annulus, 


f(2) =— 


2ni 


———ae 


[2% Oni c,$ — 


{ FO) ge Af £0 a 
Cc 


We may now prove the theorem. The first integral is handled just as 
in the ordinary case of the derivation of Cauchy’s formula, and the 
second is handled in a similar manner as follows. We write 


Then 


so the geometric series converges, 


1 1 i (4 C\? _ 
rrayena(ttet(Z) + ) 
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We can then integrate term by term, and the desired expansion falls out. 
To show the uniqueness of the coefficients, integrate the series 5 a,s"e”? 
against e~** for a given integer k, term by term from 0 to 2z. All terms 
drop out except for n = k, showing that the k-th coefficient is determined 
by f. 

An example of a function with a Laurent series with infinitely many 
negative terms is given by e’”, that is, by substituting 1/z in the ordinary 
exponential series. 

If an annulus is centered at a point z), then one obtains a Laurent 
series at Zz, of the form 


f= ¥ alz—z)t 


n=—@ 


Example. We want to find the Laurent series for 


~ 2(z — 1) 


for 0 < |z| < 1. We wnite f in partial fractions: 


1 1 
F(z) = in 


z—1 2 


Then for one term we get the geometric series, 


1 1 
= —--— =—-(l+z+274+°") 
z—1 l-2z 


whence 
1 
f(z) = —--1-2z2-27----. 
Zz 


On the other hand, suppose we want the Laurent series for |z| > 1. Then 


we write 
1 if 1 )\ 1 tt te dee) 
z—-1 z\l—-1/z) z z 2 


1 1 1 


whence 


V, §2. EXERCISES 


1. Prove that the Laurent series can be differentiated term by term in the usual 
manner to give the derivative of f on the annulus. 


2. Let f be holomorphic on the annulus A, defined by 0<r<|z|/< R. 
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Prove that there exist functions f,, f, such that f, is holomorphic for 
|z| < R, f, is holomorphic for |z| 2 r and 


fafith 
on the annulus. 


3. Is there a polynomial P(z) such that P(z)e’? is an entire function? Justify 
your answer. What is the Laurent expansion of e' for |z| # 0? 


4. Expand the function 
Z 
MOTB 


(a) in a series of positive powers of z, and 
(b) ina series of negative powers of z. 
In each case, specify the region in which the expansion is valid. 


5. Give the Laurent expansions for the following functions: 
(a) z/(z + 2) for |z| >2 (b) sin 1/z for z #0 
1 
(c) cos 1/z for z #0 (d) ——~ for |z| > 3 
(z — 3) 


6. Prove the following expansions: 


(a) e?7=et+e ¥ Se-y 


(b) i/z= ¥ (—1)"(z—1)" for |z—1| <1 
n=0 
(c) I/z7=14+ ¥ (n+ 1)(z4+ 1)" for |z+ 1) <1 
n=1 
7. Expand (a) cos z, (b) sin z in a power series about 7/2. 


8. Let f(z) = tf Find the Laurent series for f: 
(z — 1)(z — 2) 
(a) In the disc |z| < 1. 
(b) In the annulus 1 < |z| < 2. 
(c) In the region 2 < |z|. 


9. Find the Laurent series for (z+ 1)/(z—1) in the region (a) |z| <1; 
(b) |z| > 1. 


10. Find the Laurent series for 1/z7(1 — z) in the regions: 
(a) 0 <|z| <1: (b) Jz} > 1. 


11. Find the power series expansion of 


I@) = T3 


around the point z = 1, and find the radius of convergence of this series. 
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12. Find the Laurent expansion of 
f=, —, 
oO @— Ir(z + IP 
for 1 < |z| < 2. 
13. Obtain the first four terms of the Laurent series expansion of 
M2) = z(z? + 1) 
valid for 0 < |z| < 1. 


*14. Assume that f is analytic in the upper half plane, and that f is periodic of 
period 1. Show that f has an expansion of the form 


00 


f= yy c,er rin, 


—® 


where 


1 
C, = | f(x + iy)e” 27min tiy) dx, 
0 


for any value of y>0. [Hint: Show that there is an analytic function f* 
on a disc from which the origin is deleted such that 


fee") = flo). 


What is the Laurent series for f*? Abbreviate g = e?7". 


*15. Assumptions being as in Exercise 14, suppose in addition that there exists 
Yo > O such that f(z) = f(x + iy) is bounded in the domain y 2 yp. Prove 
that the coefficients c, are equal to 0 for n<0O. Is the converse true? 
Proof? 


V, §3. ISOLATED SINGULARITIES 


Let z) be a complex number and let D be an open disc centered at Zp. 
Let U be the open set obtained by removing Zz, from D. A function f 
which is analytic on U is said to have an isolated singularity at z,. We 
suppose this is the case. 


Removable Singularities 


Theorem 3.1. If f is bounded in some neighborhood of Zo, then one can 
define f(z.) in a unique way such that the function is also analytic at 
Zo: 
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Proof. Say 7) = 0. By §2, we know that f has a Laurent expansion 


f= ¥ az" + ¥ a,z" 
n20 n<O 
for 0 <|z|< R. We have to show a,=0 if n<0. Let n= —m with 
m>0Q. We have 
1 


| f(Eyen™* dé, 
Cr, 


a_i = ani 
for any circle C, of small radius r. Since f is assumed bounded near 0 it 
follows that the right-hand side tends to 0 as r tends to 0, whence 


a_, = 0, as was to be shown. (The uniqueness is clear by continuity.) 


In the case of Theorem 3.1 it is customary to say that z) is a remov- 
able singularity. 


Poles 


Suppose the Laurent expansion of f in the neighborhood of a singularity 
Zo has only a finite number of negative terms, 


a 
FO) = Tye t+ 0 + ae — 20) +o, 


and a_,, #0. Then f is said to have a pole of order (or multiplicity m) at 
Zo. However, we still say that the order of f at z. is —m, that is, 


ord, f = —m, 
because we want the formula 
ord,, (fg) = ord,, f + ord,, g 
to be true. This situation is characterized as follows: 


f has a pole of order m at Zo if and only if f(z)(z — z9)" is holomorphic 
at Z, and has no zero at Zo. 


The proof is immediate and is left to the reader. 
If g is holomorphic at z) and g(z,) 4 0, then the function f defined by 


F(z) = (2 — Zo) "g(2) 
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in a neighborhood of z,. from which Zp, is deleted, has a pole of order m. 
We abide by the convention that a pole is a zero of negative order. 
A pole of order | is said to be a simple pole. 


Examples. The function 1/z has a simple pole at the origin. 
The function 1/sin z has a simple pole at the origin. This comes from 
the power series expansion, since 


sin z = z(1 + higher terms), 
and 


1 1 , 
——— = —(1 + higher terms) 
sinz Z 


by inverting the series 1/1 —h) =1+h+h?+4+--: for |h| <1. 


Let f be defined on an open set U except at a discrete set of points S 
which are poles. Then we say that f is meromorphic on U. If Zp, is such 
a point, then there exists an integer m such that (z — Z,)"f(z) 1s holo- 
morphic in a neighborhood of z). Thus f is the quotient of two holo- 
morphic functions in the neighborhood of a point. We say that f is 
meromorphic at a point z, if f 1s meromorphic on some open set U 
containing Zp. 


Example. Let P(z) be a polynomial. Then f(z) = 1/P(z) is a mero- 
morphic function. This is immediately seen by factoring P(z) into linear 
factors. 


Example. A meromorphic function can be defined often by a uni- 
formly convergent series. For instance, let 


We claim that f is meromorphic on C and has simple poles at the 
integers, but is holomorphic elsewhere. 


We prove that f has these properties inside every disc of radius R 
centered at the origin. Let R > 0 and let N >2R. Write 


F(z) = g(z) + h(2), 


where 


N 
+> 5 5 and h(z) = 5 5: 


n=1 2 —N n=N+1 2° —7N 
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Then g is a rational function, and is therefore meromorphic on C. 
Furthermore, from its expression as a finite sum, we see that g has 
simple poles at the integers n such that |n| < N. 

For the infinite series defining h, we apply Theorem 1.1 and prove that 
the series is uniformly convergent. For |z| < R we have the estimate 
Z R 1 R 
n?— Rn? 1 —(R/n)? 


IA 


72 — ne 
The denominator satisfies 

1 —(R/n)? =4 
for n> N>2R. Hence 


Z 


5 5|Sa5 for n= 2R. 
z~—n 


=~ 3n? 


Therefore the series for h converges uniformly in the disc |z| < R, and h 
is holomorphic in this disc. This proves the desired assertion. 


Essential Singularities 


If the Laurent series has a infinite number of negative terms, then we say 
that z, is an essential singularity of f. 


Example. The function f(z) = e” has an essential singularity at z = 0 
because its Laurent series is 


Theorem 3.2 (Casorati-Weierstrass). Let 0 be an essential singularity 
of the function f, and let D be a disc centered at 0 on which f is 
holomorphic except at 0. Let U be the complement of 0 in D. Then 
f(U) is dense in the complex numbers. In other words, the values of f 
on U come arbitrarily close to any complex number. 


Proof. Suppose the theorem is false. There exists a complex number « 
and a positive number s > 0 such that 


| f(z) —al>s for all ze U. 
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The function 
| 


f(z) — a 


is then holomorphic on U, and bounded on the disc D. Hence 0 is a 
removable singularity of g, and g may be extended to a holomorphic 
function on all of D. It then follows that 1/g(z) has at most a pole at 0, 
which means that f(z) — « has at most a pole, contradicting the hypothe- 
sis that f(z) has an essential singularity (infinitely many terms of negative 
order in its Laurent series). This proves the theorem. 


g(z) = 


Actually, it was proved by Picard that f not only comes arbitrarily 
close to every complex number, but takes on every complex value except 
possibly one. The function e’” omits the value 0, so it is necessary to 
allow for this one omission. See Chapter XI, §3 and Chapter XII, §2. 

We recall that an analytic isomorphism 


f:Un~V 


from one open set to another is an analytic function such that there 
exists another analytic function 


g:V7~U 
satisfying 
fog=idy, and gof=idy, 


where id is the identity function. An analytic automorphism of U is an 
analytic isomorphism of U with itself. 


Using the Casorati—Weierstrass theorem, we shall prove: 


Theorem 3.3. The only analytic automorphisms of C are the functions 
of the form f(z) = az + b, where a, b are constants, a # 0. 


Proof. Let f be an analytic automorphism of C. After making a 
translation by —/f(0), we may assume without loss of generality that 
f(0) = 0. We then have to prove that f(z) = az for some constant a. Let 


h(z) = f(1/z) for z#0. 


Then h is defined for all complex numbers except for the origin. We first 
prove that h cannot have an essential singularity at 0. Since f is a local 
analytic isomorphism at 0, f gives a byection between an open neighbor- 
hood of 0 with some open neighborhood of 0. Since f is also an analytic 
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isomorphism of C, it follows that there exists 6 > 0 and c > 0 such that if 
lw] > 1/6 then |f(w)|>c. Let z=1/w or w=1/z. Then |h(z)| >c for 
|z| <6. If 0 is an essential singularity, this contradicts the Casorati-— 
Weierstrass theorem. 

Let f(z) = >> ayz" so h(z) = >> a,(1/z)". Since 0 is not an essential 
singularity of h, it follows that the series for h, hence for f, has only a 
finite number of terms, and 


f(z) = dg +. ,Z +°°* + ayz% 
is a polynomial of degree N for some N. If f has two distinct roots, then 


f cannot be injective, contradicting the fact that f has an inverse func- 
tion. Hence f has only one root, and 


f(z) = a(z — 25)" 


for some Z,. If N > 1, it is then clear that f is not injective so we must 
have N = 1, and the theorem is proved. 


V, §3. EXERCISES 


1. Show that the following series define a meromorphic function on C and 
determine the set of poles, and their orders. 


pa 


n=o n!(n + 2) miz+n nah ae 
o sin nz 1 2 1 1 
(0) p> n!(z? + n?) te) z + 2 r “| 


2. Show that the function 


z= 
is defined and continuous for the real values of z. Determine the region of 


the complex plane in which this function is analytic. Determine its poles. 


3. Show that the series 


defines an analytic function on a disc of radius 1 centered at —i. 


4. Let {z,} be a sequence of distinct complex numbers such that 


I 
v5 iz,j5 converses. 
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10. 


Prove that the series 


00 1 1 
Py (, —2z,)? ) 


defines a meromorphic function on C. Where are the poles of this function? 


. Let f be meromorphic on C but not entire. Let g(z) = ef. Show that g is 


not meromorphic on C. 


. Let f be a non-constant entire function, i.e. a function analytic on all of C. 


Show that the image of f is dense in C. 


. Let f be meromorphic on an open set U. Let 


og: V7~U 


be an analytic isomorphism. Suppose @(Z,) = Wo, and f has order n at wo. 
Show that fog has order n at zo. In other words, the order is invariant 
under analytic isomorphisms. [Here n is a positive or negative integer. ] 


. A meromorphic function f is said to be periodic with period w if 


f(z+w) =f(z) for all zeC. Let f be a meromorphic function, and suppose f 
is periodic with three periods w;, w2, w3 which are linearly independent over 
the rational numbers. Prove that fis constant. [Hint: Prove that there exist 
elements w which are integral linear combinations of w,, w2, w3 and arbitrarily 
small in absolute value.] The exponential function is an example of a singly 
periodic function. Examples of doubly periodic functions will be given in 
Chapter XIV. 


. Let f be meromorphic on C, and suppose 


lim | f(z)| = oo. 


|z| 00 


Prove that f is a rational function. (You cannot assume as given that f has 
only a finite number of poles.) 


(The Riemann Sphere). Let S be the union of C and a single other point 
denoted by 00, and called infinity. Let f be a function on S. Let t = 1/z, and 
define 


g(t) = f(1/t) 


for t #0, oo. We say that f has an isolated singularity (resp. is meromorphic 
resp. is holomorphic) at infinity if g has an isolated singularity (resp. is mero- 
morphic, resp. is holomorphic) at 0. The order of g at 0 will also be called 
the order of f at infinity. If g has a removable singularity at 0, and so can be 
defined as a holomorphic function in a neighborhood of 0, then we say that f 
is holomorphic at infinity. 


We say that f is meromorphic on S if f is meromorphic on C and 1s also 
meromorphic at infinity. We say that f is holomorphic on S if f is holo- 
morphic on C and is also holomorphic at infinity. 
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11. 


12. 


Prove: 


The only meromorphic functions on S are the rational functions, that is, quo- 
tients of polynomials. The only holomorphic functions on S are the constants. 
If f is holomorphic on C and has a pole at infinity, then f is a polynomial. 


In this last case, how would you describe the order of f at infinity in terms 
of the polynomial? 


Let f be a meromorphic function on the Riemann sphere, so a rational 
function by Exercise 10. Prove that 


y ord, f = 0, 
P 


where the sum is taken over all points P which are either points of C, or 
P= 0. 


Let P; (i=1,...,r) be points of C or oo, and let m; be integers such that 


Ltd 
il 
p= 


Prove that there exists a meromorphic function f on the Riemann sphere 
such that 


ordp f =m; for i=1,...,r 


and ordp f= 0 if P# B. 


CHAPTER VI 


Calculus of Residues 


We have established all the theorems needed to compute integrals of 
analytic functions in terms of their power series expansions. We first 
give the general statements covering this situation, and then apply them 
to examples. 


Vi, §1. THE RESIDUE FORMULA 


Let 
f= DY a,(z — Zo)" 


have a Laurent expansion at a point Zz). We call a_, the residue of f at 
Zo, and write 


a_, = Res, f. 


Theorem 1.1. Let z, be an isolated singularity of f, and let C be a 
small circle oriented counterclockwise, centered at Zo such that f is 
holomorphic on C and its interior, except possibly at zo. Then 


| f(0) df = 2nia_, = 271 Res,, f. 
C 


Proof. Since the series for f({) converges uniformly and absolutely for 
C on the circle, we may integrate it term by term. The integral of 
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(¢ — Zo)” over the circle is equal to 0 for all values of n except possibly 
when n = —1, in which case we know that the value is 27i, cf. Examples 
1 and 4 of Chapter III, §2. This proves the theorem. 


From this local result, we may then deduce a global result for more 
general paths, by using the reduction of Theorem 2.4, Chapter IV. 


Theorem 1.2 (Residue Formula). Let U be an open set, and y a closed 
chain in U such that y is homologous to 0 in U. Let f be analytic on U 
except at a finite number of points z,, ...,Z,. Let m; = W(y, z;). Then 


| f=2n/=1 y m,: Res,, f. 


Proof. Immediate by plugging Theorem 1.1 in the above mentioned 
theorem of Chapter IV. 


Theorem 1.2 is used most often when U is simply connected, in which 
case every Closed path is homologous to 0 in U, and the hypothesis on y 
need not be mentioned explicitly. In the applications, U will be a disc, 
or the inside of a rectangle, where the simple connectedness is obvious. 


Remark. The notation ./—1 is the standard device used when we 
don’t want to confuse the complex number i with an index i. 


We shall give examples how to find residues. 
A pole of a function f is said to be simple if it is of order 1, in which 
case the power series expansion of f is of type 


a_ , 
f(z) = —— + dy + higher terms, 
~ £0 


and a_, #0. 


Lemma 1.3. 


(a) Let f have a simple pole at zo, and let g be holomorphic at 2). 
Then 


Res.,(f9) = g(Zo) Res,,(f). 


(b) Suppose f(zo)=0 but f'(z9) #0. Then 1/f has a pole of order 1 
at Z, and the residue of 1/f at 2) is 1/f'(2o). 
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Proof. (a) Let f(z) = a_,/(z — Zo) + higher terms. Say z) =0 for sim- 
plicity of notation. We have 


fe)g(z) = (3 + ac + bz +") 


a_1bo 


——— + higher terms, 
Z 


so our assertion is clear. 
(b) Let f(zo)=0 but f'(zo)#0. Then f(z) = a,(z — zo) + higher 
terms, and a, #0. Say z) = 0 for simplicity. Then 


f()=a,2 +h) with ordh 21, 


SO 


1 
—_ = —_(] — 2_ ya 
F@ az! h+h ) az + Meher terms, 


so res(1/f) = aj! = 1/f’(0), as was to be shown. 


Remark. Part (a) of the lemma merely repeats what you should have 
seen before, to make this chapter more systematic. 


Example. We give an example for part (b) of the lemma. Let f(z) = 
sinz. Then f has a simple zero at z=7, because f'(z)=cosz and 
f'(x) = —1 40. Hence 1/f(z) has a simple pole at z = 7, and 


re oe 1 
"sinz cosn 
z 
Example. Find the residue of f(z) = 2] at z= 1. 
To do this, we write 
2 
I= Gye) 


Note that g(z) = z7/(z + 1) is holomorphic at 1, and that the residue of 
1/(z — 1) is 1. Hence 


Res, f = g(1) = 1/2. 
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Example. Find the residue of (sin z)/z* at z= 0. We have 


sinz 1 aan 
ee (a e.. 
za? 3! 


1 
= — + higher terms. 
Z 


Hence the desired residue is 1. 


2 


7 tz=1 
@+Dz-Ip 


Example. Find the residue of f(z) = 


We note that the function 


z+1 
is holomorphic at z = 1, and has an expansion of type 


g(z) = by + b,(z — 1) + higher terms. 
Then 


_ g(z) _ bo by 
I)= ap ete Te-d 


and therefore the residue of f at 1 is b,, which we must now find. We 
write z = 1 + (z — 1), so that 


z 1422-1) + (2 + 1) 
z+1 = At + 4H(z—1)) 


Inverting by the geometric series gives 


z? 1 3 
Aas3(! +3e-H+~), 


Therefore 
1 3/4 


IO gap tit 


whence Res, f = 3/4. 
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Example. Let C be a circle centered at 1, of radius 1. Let 


72 


19 = Cyne 


Find | f. 
C 


The function f has only two singularities, at 1 and —1, and the circle 
is contained in a disc of radius >1, centered at 1, on which f is 
holomorphic except at z = 1. Hence the residue formula and the preced- 
ing example give us 


| f = 2ni-2. 
C 
C 
—| 
Figure 1 


If C is the boundary of the rectangle as shown on Fig. 2, then we also 


find 
| f = 2ni-3. 
C 


Figure 2 
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Example. Let f(z) = z* — 2z +3. Let C be a rectangle as shown on 
Fig. 3, oriented clockwise. Find 


1 
| 0) dz. 


ia 
1 
e1~i/2 


Figure 3 


The roots of f(z) are found by the quadratic formula to be 


2+./-8 


2 


and so are z,; =1+ i,/2 and z,=1— i,/2. The rectangle goes around 
these two points, in the clockwise direction. The residue of 1/f(z) at z, is 
1/(z, — z,) because f has a simple pole at z,. The residue of 1/f(z) at z, 
is 1/(z, — z,) for the same reason. The desired integral is equal to 


— 2ni(sum of the residues) = 0. 


Example. Let f be the same function as in the preceding example, but 
now find the integral of 1/f over the rectangle as shown on Fig. 4. The 
rectangle is oriented clockwise. In this case, we have seen that the resi- 
due at 1 — i,/2 1S 

t= 1 
22 2 ~2i,/2 


Therefore the integral over the rectangle is equal to 


—2ni(residue) = — 2ni/(—2i./2) = n/./2. 
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Figure 4 


Next we give an example which has theoretical significance, besides 
computational significance. 


Example. Let f have a power series expansion with only a finite 
number of negative terms (so at most a pole), say at the origin, 


f(z) =a,,2”" + higher terms, An # OY, 
and m may be positive or negative. Then we can write 
f(z) =a,2z"(1 + h(z)), 


where h(z) 1s a power series with zero constant term. For any two 
functions f, g we know the derivative of the product, 


(fg) =f'9 + fa’; 


so that dividing by fg yields 


Therefore we find for f(z) = (a,,z")(1 + h(z)), 


f@_m, ke 
f(z) z 1+h(z) 


and h’(z)/(1 + h(z)) is holomorphic at 0. Consequently, we get: 


180 CALCULUS OF RESIDUES [ VI, §1] 


Lemma 1.4. Let f be meromorphic at 0. Then 


Reso f'/f = ordy f 


and for any point Zz. where f has at most a pole, 


Res,, f/f = ord,, f 


Theorem 1.5. Let y be a closed chain in U, homologous to 0 in U. Let 
f be meromorphic on U, with only a finite number of zeros and poles, 
say at the points z,, ...,Z,, none of which lie on y. Let m,; = W(y, z;). 


Then 
| f/f = 2n/-1 ym; ord, f. 


Proof. This is immediate by plugging the statement of the lemma into 
the residue formula. 


In applications, y is frequently equal to a circle C, or a rectangle, and 
the points z,, ...,Z, are inside C. Suppose that the zeros of f inside C 
are 

yy 1105, 


and the poles are 


Then in the case, 


| filf = an/=i( 5 ord,, f — ) mul, f). 


We follow our convention whereby the multiplicity of a pole is the nega- 
tive of the order of f at the pole, so that 


mul, f = —ord, f 
by definition. 
If one counts zeros and poles with their multiplicities, one may re- 
phrase the above formula in the more suggestive fashion: 


Let C be a simple closed curve, and let f be meromorphic on C and its 
interior. Assume that f has no zero or pole on C. Then 


| f'/f = 2ni (number of zeros — number of poles), 
C 
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where number of zeros = number of zeros of f in the interior of C, and 
number of poles = number of poles of f in the interior of C. 


Of course, we have not proved that a simple closed curve has an 
“interior”. The theorem is applied in practice only when the curve is so 
explicitly given (as with a circle or rectangle) that it is clear what “inte- 
rior” is meant. 

Besides, one can (not so artificially) formalize what is needed of the 
notion of “interior” so that one can use the standard language. Let y be 
a closed path. We say that y has an interior if W(y, «) = 0 or 1 for every 
complex number « which does not lie on y. Then the set of points « 
such that W(y, «) = 1 will be called the interior of y. It’s that simple. 


Theorem 1.6 (Rouché’s Theorem). Let y be a closed path homologous to 
0 in U and assume that y has an interior. Let f, g be analytic on U, 
and 


If(2) — g(z)| < |f(2)| 


for z on y. Then f and g have the same number of zeros in the interior 


of y. 


Proof. Note that the assumption implies automatically that f, g have 
no zero on y. We have 


8) i) <1 


f(z) 


for z on y. Then the values of the function g/f are contained in the open 
disc with center 1 and radius 1. Let F = g/f. Then F oy is a closed path 
contained in that disc, and therefore 


W(F oy, 0) =0 


because 0 lies outside the disc. If y is defined on [a, b] then 
1 oF’ 
0= W(F oy, 0) = | 5 dz = | (9) y'(t) dt 


Foy a F(y(0) 
=| Fir 


=| wo-Sih 


What we want now follows from Theorem 1.5, as desired. 
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Example. Let P(z) = z8 — 5z*>+2z—2. We want to find the number 
of roots of this polynomial inside the unit circle. Let 


f(z) = —5z°. 
For |z| = 1 it is immediate that 
|f(z) — P(2)| =|—2° —z + 2| <|f(2)| =5. 


Hence f and P have the same number of zeros inside the unit circle, and 
this number is clearly equal to 3. (Remember, you have to count multi- 
plicities, and the equation 


5z°> =0 
has one zero with multiplicity 3.) 


We shall use Rouche’s theorem to give an alternative treatment of the 
inverse function theorem, not depending on solving for an inverse power 
series as was done in Chapter II, §5. 


Theorem 1.7. Let f be analytic in a neighborhood of a point Zo, and 
assume f'(Z)) #0. Then f is a local analytic isomorphism at Zo. 


Proof. Making translations, we may assume without loss of generality 
that z) = 0 and f(z.) = 0, so that 


fle) = Y ay2", 


and m2 1. Since f’(0) =a, we have m= 1 and a, #0. Dividing by a, 
we may assume without loss of generality that a, = 1. Thus f has the 
power series expansion 


f(z) =z + h(2), 


where h(z) is divisible by z?. In particular, if we restrict the values of z 
to some sufficiently small disc around 0, then there is a constant K > 0 
such that 

|f(z) — z| S$ K|z/’. 


Let C, be the circle of radius r, and let |a| <7r/2. Let r be sufficiently 
small, and let 


f,(Z) = f(z) — « and g,(z) =z—a. 
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We have the inequality 
faz) — Gu(2)| = |flz) — z| S$ K\z|?. 
If z is on C,, that is |z| =r, then 
K|z|* = Kr? < |z — a| = |g,(2)| 


because |z — «| >r/2 and Kr? <r/2 (for instance, taking r < 1/2K). By 
Rouche’s theorem, f, and g, have the same number of zeros inside C,, 
and since g, has exactly one zero, it follows that f, has exactly one zero. 
This means that the equation 


f(z) =o 


has exactly one solution inside C, if |a| < r/2. 
Let U be the set of points z inside C, such that 


|f(2)| < 1/2. 
Then U is open because f is continuous, and we have just shown that 
f:U > D(O, r/2) 


is a bijection of U with the disc of radius r/2. The argument we have 
given also shows that f is an open mapping, and hence the inverse 
function 


og: D(O, r/2) > U 


is continuous. There remains only to prove that @ is analytic. As in 
freshman calculus, we write the Newton quotient 


p(w) — g(w,) — £74 


Ww— W, f(z) — f(z1) 


Fix w, with |w,| < 7/2, and let w approach w,. Since @ is continuous, it 
must be that z = g(w) approaches z, = (w,). Thus the right-hand side 
approaches 


1/f'(Z,), 


provided we took r so small that f’(z,) #0 for all z, inside the circle of 
radius r, which is possible by the continuity of f’ and the fact that 
f’(0) #0. This proves that g is holomorphic, whence analytic and con- 
cludes the proof of the theorem. 
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Residues of Differentials 


Let f(T) =) a,T" be a power series with a finite number of negative 
terms. We defined the residue to be a_,. This was convenient for a 
number of applications, but in some sense so far it constituted an incom- 
plete treatment of the situation with residues because this definition did 
not take into account the chain rule when computing integrals by means 
of residues. We shall now fill the remaining gap. 

Let U be an open set in C. We define a meromorphic differential on 
U to be an expression of the form 


@ = f(z) dz 


where f is meromorphic on U. Let z7¢U. Then f has a power series 
expansion at Zy, say 


(1) f= ¥. a,(z — 29)" = fol — 20). 


Often one wants to make a change of coordinate. Thus we define a 
function w to be a local coordinate at z, if w has a zero of order 1 at Zp. 
Then w is a local isomorphism at z), and there is a power series h such 
that 


(2) Z— Zy = h(w) = c,w + higher terms with c, #0. 
Then substituting (2) in (1) we obtain 


(3) f(z) dz = fo(h(w))h'(w) dw = g(w) dw, 


where g(w) = fo(h(w))h’(w) also has a power series expansion in terms of 
w. We denote the coefficients of this power series by b,, so that 


(4) g(w) = Y, bw" 


Since h(w) has order 1, h’(0) = c, #0, it follows that the power series for 
g also has order m. Of course, the coefficients for the power series of g 
seem to be complicated expressions in the coefficients for the power series 
for f. However, it turns out that the really important coefficient, namely 
the residue b_,, has a remarkable invariance property, stated in the next 
theorem. 


Theorem 1.8. Let w be a local coordinate at z). Let w be a mero- 
morphic differential in a neighborhood of Zo, and write w = f(z) dz = 
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g(w) dw, where f, g are meromorphic functions, with the power series 
expansions as in (1) and (4) above. Then the residues of the power series 
for f and g are equal, that is 


b_, = a_; . 


Proof. Let y be a small circle around Z, in the z-plane. Let w = ¢(z). 
Then 


1 1 
b_, = ani | g(w) dw = x | f(z) dz =a_,, 


Y 


which proves the theorem. 


In light of Theorem 1.8, we define the residue of a meromorphic 
differential f(z) dz at a point z, as follows. We let w be a local coordi- 
nate at z). (Thus w may be z — Zp, but there are plenty of other local 
coordinates.) We write the differential as a power series in w, 


o=g(w)dw with g(w)=) dw", 
and we define the residue of the differential to be 
res, (@) = b_,. 


This value b_, is independent of the choice of coordinate at z). Using 
residues of differentials rather than residues of power series will be espe- 
cially appropriate when the change of variables formula enters into con- 
sideration, for example in Exercises 35 and 36 below, when we deal with 
residues “at infinity” using the change of coordinate w = 1/z. 


Remark. We could have defined a meromorphic differential on U also 
as an expression of the form fdg where f and g are meromorphic. If w 
is a local coordinate at z,), then both f and g have power series expan- 
sions in terms of w, so 


d 
fdg = flow) = dw. 


However, if U is an open set and f is a meromorphic function on U, not 
constant, then note that dlogf is a meromorphic differential on U, be- 
cause 


_J 


d log f(z) = fo dz. 


Even though log f itself is not well defined on U, because of the ambigu- 
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ity arising from the constant of integration, taking the derivative elimi- 
nates this constant, so that the differential itself is well defined. 


Vi, §1. EXERCISES 


Find the residues of the following functions at 0. 


1. (27+ 1)/z 2. (z? + 3z — 5)/z° 
3. 23(z — 1)(z* 4+ 2) 4, (2z + 1)/z(z> — 5) 
5. (sin z)/z* 6. (sin z)/z> 
7. (sin z)/z® 8. (sin z)/z’ 
9. e?/z 10. e?/z? 
11. e?/z3 12. e?/z* 
13. z~? log(1 + z) 14. e?/sin z 


Find the residues of the following functions at 1. 
15. 1f(z? — 1)(z + 2) 16. (z> — 1)(z + 2)(z* — 17 


17. Factor the polynomial z" — 1 into factors of degree 1. Find the residue at 1 
of 1/(z" — 1). 


18. Let z,,...,Z, be distinct complex numbers. Let C be a circle around z, such 
that C and its interior do not contain z; for j > 1. Let 


f(Z) = (z — 24)(Z — Z2)°**(Z — 2). 
Find 


1 
—— dz. 
\ 70 ° 


19. Find the residue at i of 1/(z* — 1). Find the integral 


1 
I on” 


where C is a circle of radius 1/2 centered at i. 


20. (a) Find the integral 


1 
__—_d 
ee * 


where C is a rectangle oriented clockwise, as shown on the figure. 
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Figure 5 


(b) Find the integral | 1/(z? + z + 1) dz over the same C. 
Cc 


(c) Find the integral | 1/(z? — z + 1) dz over this same C. 
Cc 


21. (a) Let z,, ...,z, be distinct complex numbers. Determine explicitly the 
partial fraction decomposition (i.e. the numbers a,): 


I ay ne ay 


- . 
(Z—2,)°‘(2—-zZ,) 2-2, Z—Z, 


(b) Let P(z) be a polynomial of degree <n — 1, and let a,, ...,a, be distinct 
complex numbers. Assume that there is a partial fraction decomposition 
of the form 


P(z) Cy Ch 


eee S ie . 
(Z—a,)'"*((z—a,) z—a, z—a4, 


Prove that 
P(a,) 


“1 (a, — a)" (a, —4,)’ 


and similarly for the other coefficients c;. 


22. Let f be analytic on an open disc centered at a point z,, except at the point 
itself where f has a simple pole with residue equal to an integer n. Show that 
there is an analytic function g on the disc such that f = g’/g, and 


g(z) = (z — Z,)"h(z), where h is analytic and h(z,.) #0. 


(To make life simpler, you may assume Z, = 0.) 


23. (a) Let f be a function which is analytic on the upper half plane, and on 
the real line. Assume that there exist numbers B>0O and c>0 such 
that 


I) S 


188 CALCULUS OF RESIDUES [ VI, §1] 


for all ¢. Prove that for any z in the upper half plane, we have the 
integral formula 


(Hint: Consider the integral over the path shown on the figure, and take the 
limit as R — oo.] 


SR 


Figure 6 


The path consists of the segment from —R to R on the real axis, and the 

semicircle Sp as shown. 

(b) By using a path similar to the previous one, but slightly raised over the 
real axis, and taking a limit, prove that the formula is still true if instead 
of assuming that f is analytic on the real line, one merely assumes that f 
is continuous on the line, but otherwise satisfies the same hypotheses as 
before. 


24. Determine the poles and find the residues of the following functions. 


(a) I/sin z = (b) 1/(1 — e”) (c) z/(1 —cos 2). 


25. Show that 


2 


cose ” 
| dz = 2ni:sin 1. 
lz| Zz 


26. Find the integrals, where C is the circle of radius 8 centered at the origin. 


i 
1 an b) | ——— 
) c Sin Z (6) i 
i 
() | a (4) | tanzdz 
cl-e’ C 


1+2 
o [te 
~Sinz? 
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27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


Let f be holomorphic on and inside the unit circle, |z| < 1, except for a pole 
of order 1 at a point zp on the circle. Let f =)’ a,z" be the power series for 
f on the open disc. Prove that 


. a 
lim = Zo: 
n>o An+1 


Let a be real >1. Prove that the equation ze*~” = 1| has a single solution with 
|z|} < 1, which is real and positive. 


Let U be a connected open set, and let D be an open disc whose closure is 
contained in U. Let f be analytic on U and not constant. Assume that the 
absolute value |f| is constant on the boundary of D. Prove that f has at 
least one zero in D. [Hint: Consider g(z) = f(z) — f(z) with z,. € D.] 


Let f be a function analytic inside and on the unit circle. Suppose that 
| f(z) — z| < |z| on the unit circle. 

(a) Show that | f’(1/2)| S 8. 

(b) Show that f has precisely one zero inside of the unit circle. 


Determine the number of zeros of the polynomial 


287 4 36z°7 + Tiz*+23-z4+1 


inside the circle 

(a) of radius 1, 

(b) of radius 2, centered at the origin. 

(c) Determine the number of zeros of the polynomial 


22° —6z7+2+1=0 


in the annulus 1 < |z| S 2. 


Let f, h be analytic on the closed disc of radius R, and assume that f(z) #0 
for z on the circle of radius R. Prove that there exists « >0 such that f(z) 
and f(z) + eh(z) have the same number of zeros inside the circle of radius R. 
Loosely speaking, we may say that f and a small perturbation of f have the 
same number of zeros inside the circle. 


Let f(z) =a,z" ++:: +d, be a polynomial with a, #0. Use Rouché’s theo- 
rem to show that f(z) and a,z” have the same number of zeros in a disc of 
radius R for R sufficiently large. 


(a) Let fbe analytic on the closed unit disc. Assume that |f(z)| = 1 if |z| = 1, 
and f is not constant. Prove that the image of f contains the unit disc. 

(b) Let f be analytic on the closed unit disc D. Assume that there exists some 
point zo € D such that |f(zo)| <1, and that |f(z)| 21 if |z| =1. Prove 
that f(D) contains the unit disc. 


Let Pz) = > z*/k!. Given R, prove that P, has no zeros in the disc of 
k=0 


radius R for all n sufficiently large. 


190 CALCULUS OF RESIDUES [ VI, §1] 


36. Let z,, ...,2, be distinct complex numbers contained in the disc |z| < R. Let 
f be analytic on the closed disc D(Q, R). Let 


Q(z) = (Zz — 2,)°**(Z — 2,). 
Prove that 


py = [ fi) = 2010 


2ni —2Z 


is a polynomial of degree n—1 having the same value as f at the points 
Zig sees Zn: 


37. Let f be analytic on C with the exception of a finite number of isolated 
singularities which may be poles. Define the residue at infinity 


res, f(z) dz = -3\ f(z) dz 
2ni 


|z|=R 


for R so large that f has no singularities in |z| 2 R. 

(a) Show that res,, f(z) dz is independent of R. 

(b) Show that the sum of the residues of f at all singularities and the 
residue at infinity is equal to 0. 


38. Cauchy’s Residue Formula on the Riemann Sphere. Recall Exercise 2 of 
Chapter V, §3 on the Riemann sphere. By a (meromorphic) differential @ on 
the Riemann sphere S, we mean an expression of the form 


wo = f(z) dz, 


where f is a rational function. For any point z)¢C the residue of w at Z, is 
defined to be the usual residue of f(z) dz at z). For the point oo, we write 
t = 1/z, 


SO we write 


1 1 
@ = fuin( — 3) dt = ae) (1/t) dt 


The residue of w at infinity is then defined to be the residue of —— “fl dt 

at t=0Q. Prove: 

(a) > residues wm =0, if the sum is taken over all points of C and also 
infinity. 

(b) Let y be a circle of radius R centered at the origin in C. If R is 
sufficiently large, show that 


1 
a | f(z) dz = —residue of f(z) dz at infinity. 
Y 
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(Instead of a circle, you can also take a simple closed curve such that all 
the poles of f in C lie in its interior.) 
(c) If R is arbitrary, and f has no pole on the circle, show that 


1 
a a | f(z) dz = -) residues of f(z) dz outside the circle, 
including the residue at oo. 


[Note: In dealing with (a) and (b), you can either find a direct algebraic 
proof of (a), as in Exercise 38 and deduce (b) from it, or you can prove 
(b) directly, using a change of variables t = 1/z, and then deduce (a) from 
(b). You probably should carry both ideas out completely to understand 
fully what’s going on. ] 


39. (a) Let P(z) be a polynomial. Show directly from the power series expan- 

sions of P(z) dz that P(z) dz has 0 residue in C and at infinity. 

(b) Let « be a complex number. Show that dz/(z— a) has residue —1 at 
infinity. 

(c) Let m be an integer > 2. Show that dz/(z—«)” has residue 0 at infinity 
and at all complex numbers. 

(d) Let f(z) be a rational function. The theorem concerning the partial 
fraction decomposition of f states that f has an expression 


f)=¥ 


= + P(z) 


where a,, ...,a, are the roots of the denominator of f, a, are constants, 
and P is some polynomial. Using this theorem, give a direct (algebraic) 
proof of Exercise 37(a). 


40. Let a, be C with |a| and |b| < R. Let Cp be the circle of radius R. Evaluate 


z dz 
Cex/(z — a)(z — b) 


The square root is chosen so that the integrand is continuous for |z| > R and 
has limit 1 as |z| > 00. 
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Let f(x) be a continuous function of a real variable x. We want to 
compute 


00 0 B 
| f(x) dx = lim | J) d+ jim | f(s dx. 


_, Ao J_ 


We shall use the following method. We let y be the closed path as 
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indicated on Fig. 7, consisting of a segment on the real line, and a 
semicircle. 


SR 


—R 0 A, 

Figure 7 
We suppose that f(x) is the restriction to the line of a function f on the 
upper half plane, meromorphic and having only a finite number of poles. 


We let Jp be the segment from —R to R, and let S, be the semicircle. If 
we can prove that 


im | f=0 
R>o JSp 


then by the residue formula, we obtain 


| _ f(x) dx = 2ni ¥ residues of f in the upper half plane. 


For this method to work, it suffices to know that f(z) goes sufficiently 
fast to 0 when |z| becomes large, so that the integral over the semicircle 
tends to 0 as the radius R becomes large. It is easy to state conditions 
under which this is true. 


Theorem 2.1. Suppose that there exists a number B>O such that for 
all |z| sufficiently large, we have 


[f(2)| $ B/\z/’. 
Then 


im | f=0 
R->o Sr 


and the above formula is valid. 


Proof. The integral is estimated by the sup norm of f, which is B/R? 
by assumption, multiplied by the length of the semicircle, which is 7R. 
Since 7B/R tends to 0 as R > oo, our theorem is proved. 
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Remark. We really did not need an R’, only R‘'** for some a > 0, so 
the theorem could be correspondingly strengthened. 


Example. Let us compute 


The function 1/(z* + 1) is meromorphic on C, and its poles are at the 
zeros of z* + 1, that is the solutions of z* = —1, which are 


enki k = 1, -—1, 3, —3. 


Let f(z) = z+ +1. Since f’(z) = 4z* #0 unless z = 0, we conclude that all 
the zeros of f are simple. The two zeros in the upper half plane are 


ni/4 3ni/4 


Z,=e and Z,=e 


The residues of 1/f(z) at these points are 1/f’(z,), 1/f'(z,), respectively, 
by Lemma 1.3(b), and 


f'(z,) = 423 =4e"™*, —f'"(z.) = 423 = 4e™™". 
1 1 2 2 


The estimate 


< B/R* 


z*4+1 


is satisfied for some constant B when |z|=R. Hence the theorem 
applies, and 


°° 1 . , 
—— dx = 2ni(ze"°"* + Ge" 


Ti __. ; 
_ ze ee + 1) 


nmi fl—i 
= — | —— ](1 —i) 

2 ( /2 

_ tt 
J2 

The estimate for 1/(z*+1) on a circle of radius R presented no 
subtlety. We give an example where the estimate takes into account a 
different phenomenon, and a different path. The fact that the integral 
over the part going to infinity like the semicircle tends to 0 will be due 


to a more conditional convergence, and the evaluation of an integral 
explicitly. 
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Fourier Transforms 


Integrals of the form discussed in the next examples are called Fourier 
transforms, and the technique shows how to evaluate them. 


Theorem 2.2. Let f be meromorphic on C, having only a finite number 


of poles, not lying on the real axis. Suppose that there is a constant K 
such that 


[f(z)| S$ K/lz| 


for all sufficiently large |\z|. Let a>0O. Then 


| f(x)e'®* dx = 2ni ¥° residues of e'*?f(z) in the upper half plane. 


Proof. For simplicity, take a= 1. We integrate over any rectangle as 
shown on Fig. 8, taking T= A+B. Taking A, B>0 sufficiently large, 
it suffices to prove that the integral over the three sides other than the 
bottom side tend to 0 as A, B tend to infinity. 


Figure 8 


Note that 


ez — eilxtiy) — eXe7. 


In absolute value this is e~”, and tends to 0 rapidly as y tends to infinity. 
We show that the integral over the top tends to 0. Parametrizing the 
top by x + iT, with —A <x < B, we find 


-| e"f(z) dz = [ e*eT f(x + iT) dx 
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and in absolute value, this is less than 
B K 
al | f(x + iT)| dx < en alA + B). 
—A 


Having picked T = A + B shows that this integral becomes small as A, B 
become large, as desired. 
For the nght-hand side, we pick the parametrization 


B + iy, with O<y<T, 


and we find that the nght-hand side integral is bounded by 


rT K (? K 
| ee f(B + iy) dy| < =| e*dy=—(1—e"), 
B Jo B 


0 
which tends to 0 as B becomes large. A similar estimate shows that the 


integral over the left side tends to 0, and proves what we wanted. 


Next we show an adjustment of the above techniques when the func- 
tion may have some singularity on the real axis. We do this by an 
example. 


Example. Let us compute 


—€ ,Ix CO ix 
= 5; im | ds + <4. 

2i «0|J_4 x < x 
Note that the integral J converges, although not absolutely. It is an 
oscillatory integral. The estimate for convergence comes from integration 
by parts, and is left to the reader. We can then use the technique of 
complex analysis to evaluate the integral. We use the closed path C as 
shown on Fig. 9. To compute such an integral, one has to show that both 
limits exist, and then one can deal with the more symmetric expression 


[ f(x) dx = iim. [ T(x) dx. 


—oO —R 


C 


—R ~€ € R 


Figure 9 
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Let S(e) be the small semicircle from € to —e, oriented counterclock- 
wise, and let S(R) be the big semicircle from R to —R similarly oriented. 
The function e'*/z has no pole inside C, and consequently 


—€ R 
o=| e'?/z =| +| -| +| e'*/z dz. 
Cc S(R) -R S(e) € 


—€ R 
| + | e"/z dz = | e'*/z dz — | e'*/z dz 
-R Je S(e) S(R) 


= I5¢6) — Isr): 


Hence 


We now assert that 


lim I scr) = 0. 
R~>o 
Proof. We have for z = R(cos 0 + isin 8), 


n elk cos Go—R sin 0 
Is) = | ——~—— Rie®® do 
(R) 0 Re®® 


so that 


nm /2 
Iscry| < | e7 Rsin@ d@=2 | e Rsin dé. 
0 


0 


But if 0 < @ < x/2, then sin 6 2 20/z (any similar estimate would do), and 
hence 


n/2 
Use| S 2 | e” *ROln 9g 
0 


by freshman calculus. This proves our assertion. 


There remains to evaluate the limit of Is... as € > 0. We state this as a 
general lemma. 


Lemma. Let g have a simple pole at 0. Then 


lim | g(z) dz = ni Reso(g). 
S(e€) 


€>0 
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Proof. Write 
a 
g(z) = z + h(z), 


where h is holomorphic at 0. Then the integral of h over S(€) approaches 
0 as e +0 because the length of S(e) approaches 0 and h is bounded near 
the origin. A direct integration of a/z shows that the integral of a/z over 
the semicircle is equal to mia. This proves the lemma. 


We may therefore put everything together to find the value 


Trigonometric Integrals 


We wish to evaluate an integral of the form 


2n 
| QO(cos 0, sin @) dé, 


0 


where Q is a rational function of two variables, Q = Q(x, y), which we 
assume is continuous on the unit circle. Since 
i@ 4 9 i0 ei _ p-i8 


@ = ———_ nd = sind =—__—__, 
COS 5 a n F 


we see that these expressions are equal to 


z+ 1/z z—A/z 
5 and a ane 


respectively, when z lies on the unit circle, z = e’*. It is therefore natural 
to consider the function 


Zz 
f(2) = 


(the denominator iz is put there for a purpose which will become appar- 
ent in a moment). This function f is a rational function of z, and in view 
of our assumption on Q, it has no pole on the unit circle. 
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Theorem 2.3. Let Q(x, y) be a rational function which is continuous 
when x? + y= 1. Let f(z) be as above. Then 


2n 
| Q(cos 0, sin 0) d0 = 2ni ) residues of f inside the unit circle. 


0 


Proof. Let C be the unit circle. Then 
| f(z) dz = 2ni >} residues of f inside the circle. 
Cc 


On the other hand, by definition the integral on the left is equal to 


2n 2n 
| f(e)ie® do = | Q(cos 8, sin 0) dé, 
0 0 


as desired. [The term iz in the denominator of f was introduced to 
cancel ie’ at this point.] 


Example. Let us compute the integral 


2n 1 
1=| we AD 
9 at+siné 


where a is real > 1. By the theorem, 


2i 
I=2 id f ——_____—__ insi ircle. 
1 y residues o 4a ol inside circle 


The only pole inside the circle is at 


Zo = —ia + i,/a? — 1 


and the residue is 


i 1 
Zo + ia 7 / a? _ 1 
Consequently, 
I= 2n 
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Mellin Transforms 


We give a final example introducing new complications. Integrals of type 


| * f(a)x0 
XxX 


0 


are called Mellin transforms (they can be viewed as functions of a). We 
wish to show how to evaluate them. We assume that f(z) is analytic on C 
except for a finite number of poles, none of which lies on the positive real 
axis 0 < x, and we also assume that a is not an integer. Then under 
appropriate conditions on the behavior of f near 0, and when x becomes 
large, we can show that the following formula holds: 


| ff (x)x? dx __™ yy residues of f(z)z*"* at the 


0 x SIN 14 poles of f, excluding the residue at 0. 


We comment right away on what we mean by z*' 1 is 


defined as 


, namely z*” 


a-~1 _ ,(a—1)logz 
Zz — ol )logz 


where the log is defined on the simply connected set equal to the plane 
from which the axis x 20 has been deleted. We take the value for the 
log such that if z = re” and 0 < 6 < 2z, then 
log z = logr + i. 
Then, for instance, 
log i = mi/2 and log(—i) = 3zi/2. 
Precise sufficient conditions under which the formula is true are given 
in the next theorem. They involve suitable estimates for the function f 


near 0 and infinity. 


Theorem 2.4. The formula given for the integral 
%° d 
| f (x)x? a with a> QO), 
0 x 


is valid under the following conditions: 
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1. There exists a number b> a such that 
f(z) <1/zl for |z| > 0. 
2. There exists a number b’ with 0 < b’ <a such that 
If@l<i/zP for |z|>0. 


The symbol <«< means that the left-hand side is less than or equal to 
some constant times the right-hand side. 


. For definiteness, we carry out the arguments on a concrete example, 
and let the reader verify that the arguments work under the conditions 
stated in Theorem 2.4. 


Example. We shall evaluate for 0 < a < 2: 


|" 1 ,dx xcosan/2 
o Xt+1° x ~~ sinax © 

We choose the closed path C as on Fig. 10. Then C consists of two line 
segments L* and L’, and two pieces of semicircles S(R) and —S(e), if we 
take S(e) oriented in counterclockwise direction. The angle @ which the 
two segments L* and L~ make with the positive real axis will tend to 0. 


Figure 10 


We let 


1 
_ a-1 
g(2) Par he 
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Then g(z) has only simple poles at z =i and z = —i, where the residues 
are found to be: 


at i: | ta-t) 108: _— | a-aynip2, 
2i 
' I (a—1) log(—i) I (a-1)3ni/2 
at —l: —-—e 8 = ——€ . 
2 2i 


The sum of the residues inside C is therefore equal to 
] . . 
5 (ene _ e(a—1)3ni/2) — gai cos(an/2), 


ni/2 —3nxi/2 


after observing that e”* = i, e = i, and factoring out e*” from the 


sum. 
The residue formula yields 
2ni ¥) residues = Is.p) + [p- — Isce) + I+, 
where I, denotes the integral of f(z) over the path X. We shall prove: 


The integrals Is;p) and Is;., tend to 0 as R becomes large and € becomes 
small, independently of the angle 9. 


Proof. First estimate the integral over S(R). When comparing func- 
tions of R, it is useful to use the following notation. Let F(R) and G(R) 
be functions of R, and assume that G(R) is >O for all R_ sufficiently 
large. We write 


F(R) < G(R) (for R - oc) 
if there exists a constant K such that 
|F(R)| < KG(R) 


for all R sufficiently large. 
With this notation, using z*7' = e“~))'°8?, and 


log z| Slog R+ @ < log R + 2z, 
we find 


\z7-4| _— |e 1 logz| < Ro1. 
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Consequently from |1/(z* + 1)| < 1/R? for |z| = R, we find 


| f(z)z*"! dz 
S(R) 


Since we assumed that a <2, the quotient R*/R? approaches 0 as R 
becomes large, as desired. The estimate is independent of 9. 
We use a similar estimating notation for functions of e, 


1 
< 2nR 53 max|z*"*| < R*/R?. 


F(e)< Ge) (for e-0) 
if there exists a constant K such that 
|F(€)| S$ KG) 
for all « > 0 sufficiently small. With this notation, for |z| = €, we have 
[29-3] = [e@-Dlogz) < gat. 
Hence 


< 2nec* 1 < €*, 


| f(z)z*"! dz 
S(€) 


Again since we assumed that a > 0, the right-hand side approaches 0 and 
€ tends to 0, as desired. The estimate is independent of 9. 


There remains to analyze the sums of the integrals over L* and L™. 
We parametrize L* by 


z(r) = re’?, ex<r<R, 
| 


so that log z(r) = logr + ig. Then 
R 
| f(zje&-) lo82 dz _— | f(re'?)e4- Doe r tio) gi dr 
Lt € 

R . . ° 

_ | f(rei?)e@- Divgipa1 dr 
R 

~| f(x)x*! dx as oO. 


On the other hand, —L™ is parametrized by 


z(r)=re?"-9) ee Sr SR, 
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and log z(r) = log r + i(2x — @). Consequently, 


R 
| f(zye@ D8? dz = — | f (rei) r2- ee 2x- ia) gil2n-i9) dy 
L” € 


R 
-| f(rei?)r71et2n-@) dr 


€ 


R 
> -| f(x)x* 1e7™4 dx as o>0. 


Hence as ~ 0, we find 


R 
| + | f(z)z* dz +| f(x)x*71(1 — e794) dx 
Lt JL 


€ 


R 
= on | f(x)x* 1(e"™ _ en's) dx 


€ 


R 
= 2ie™ sin na | f(x)x*! dx. 
Let C = C(R, €, ) denote the path of integration. We obtain 


| f(z)z2"! dz = 2ni ¥ residues of f(z)z** except at 0 
C(R, €,¢) 
= Iscr,g) + Ite.) + ER; & 9) 


R 
+ 2ie*™ sin na | f(x)x*"* dx. 


€ 


The expression E(R, €, g) denotes a term which goes to 0 as ~ goes to 0, 
and we have put subscripts on the integrals along the arcs of the circle 
to show that they depend on R, €, g. We divide by 2ie™ sin za, and let 
@ tend to 0. Then E(R, €, 9) approaches 0. Consequently, 


~—nia 


Te 


y= lim Isir,o) + 4s(6.0) 
go 2ie™ sin na 


R 
| f(x)x** dx — 


sin 72a 


The right-hand side has been seen to be uniformly small, independently 
of g, and tends to 0 when R>oo and «0. T aking the limits as 
R= oo and € +0 proves what we wanted. 


Finally, we observe that in situations of contour integrals as we just 
considered, it is often the practice to draw the limit contour as in Fig. 11. 
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It is then understood that the value for the log when integrating over 
the segment from ¢€ to R from left to right, and the value for the log 
when integrating over the segment from R to e, are different, arising from 
the analytic expressions for the log with values 6 =0 for the first and 
0 = 2x for the second. 


Figure 11 


For the Mellin transform of the gamma function, which provides an 


interesting special concrete case of the considerations of this section, see 
Exercise 7 of Chapter XV, §2. 


VI, §2. EXERCISES 
Find the _— integrals. 
1. (a) [x rr he = 27/3 


(b) Show that for a positive integer n = 2, 


|, 1 m/n 
——— dx = ———.. 
o L+x" sin 7/n 


[Hint: Try the path from 0 to R, then R to Re?™”", then back to 0, or 
apply a general theorem. ] 


ro) 2 oO 
2. (a) | a ; ax = n/2/2 (b) | . 
_ 0 


3. Show that 


j = 1/6 
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4. Evaluate 


where y is: 
(a) the square with vertices 1 +i, —1+i, -1-—i,1-—i. 
(b) the ellipse defined by the equation 


(The answer is 0 in both cases.) 


5. (a) | a ee ifa>QO 


(b) For any real number a > 0, 


i. @) 
COs x _ 
| dx = ne “/a. 


2 2 
_o X +a 


[ Hint: This is the real part of the integral obtained by replacing cos x 
by e™.] 


6. Let a,b>0. Let T= 2b. Show that 


| T eiaz 
dz—e ™ 


1 
a <__(J — —Ta 4 ~Ta 
2ni }_7z— ib Ta‘ ete 


Formulate a similar estimate when a < 0. 


7. Let c>0 and a>O0. Taking the integral over the vertical line, prove that 


0 ffa<l, 
1 ctiwo 2z 
_ “dz=44 ifa=1, 
201 | -in 2 
1 wnfa>l. 


If a= 1, the integral is to be interpreted as the limit 


ctioo ct+iT 
| = lim | 
c~ioo T>0© Jc—iT 
(Hint: If a> 1, integrate around a rectangle with corners c— Ai, c+ Bi, 


—X + Bi, —X — Ai, and let X > o. If a< 1, replace —X by X\] 


8. (a) Show that for a > 0 we have 


—_—_—. dx = =~: 
_~ (x? +a’)? 2a%e" 


[° COs x n(1 + a) 
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(b) Show that for a> b> 0 we have 
°° COS x ax 1 1 1 
o (x? + a?)(x? + b?) ~ @— Bb \ be? aet)” 


9. [Ss sin” * dx = = n/2. [Hint: Consider the integral of (1 — e?*)/x?.] 
0 


COs x m sin a . ; 
10. | 55 Ax = for a> 0. The integral is meant to be interpreted as 
pa a 


—x 
the limit: 
—a-6 a—o B 
lim lim | + | +| 
B>ow 6-0 J-B —até a+6é 
COs x 1 og 
11. | = Ax = a ae Use the indicated contour: 
-»~e@ +2 ev +e 
—-R+ai mi R+wti 
—R R 
Figure 12 


© x si i 
12 | ao dx =<ne* ifa>0. 
0 2 


3. | © dx = for 0<a< 1. 
-»,»e +1 sin 1a 


14. (a) | loex 


dx = n>/8. Use the contour 


1+ x? 
—R —§ ) R 
Figure 13 
(b) log x 4 
— 7/4. 
o (x7 + a 


15. (a) tr cael, 
1+xx  sinza 
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16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


ex" dx 7 
b ———, — = ————— for 0 3. 
©) |, 1+x* x 3 sin(za/3) ore sas 


Let f be a continuous function, and suppose that the integral 


| * pooxe 
0 x 


is absolutely convergent. Show that it 1s equal to the integral 
| fle')e™ dt. 


If we put g(t) = f(e'), this shows that a Mellin transform is essentially a 
Fourier transform, up to a change of variable. 


if 0<a<i1. The answer comes out the 


an 1 9 - 2n 
> l+a?—2acos6 1-—a? 
negative of that if a > 1. 


6 = n/,/2. 
= n/,/5. 


| cam i+sn? 0° 


ert 


a dé an a dé _ 8 
>a +sin?6 |, 1+2a2—cosd faq 
(2a + 1) 
=, fi > 0. 
I, “ + a (a + sin? 6)? 4(a? + a)?” er 6 


sag P= 2n/./3. 
0 2 — sin 0 
2na 
do = — 
\- (a+ 7 (a+bcos6) = (a? — b*)3? 


Let n be an even integer. Find 


for 0< b<a. 


2n 
| (cos 0)" dé 


0 


by the method of residues. 


CHAPTER VII 


Conformal Mappings 


In this chapter we consider a more global aspect of analytic functions, 
describing geometrically what their effect is on various regions. Espe- 
cially important are the analytic isomorphisms and automorphisms of 
various regions, of which we consider many examples. 

Throughout the chapter, we use the words isomorphisms and auto- 
morphisms, omitting the word analytic, as there will be no others under 
consideration. We recall that an isomorphism 


f:Uo~V 
is an analytic map which has an inverse analytic map 
g: V—-U, 


that is, fog =id, and go f =idy. We say that f is an automorphism if 
U=V. We let Aut(U) be the set of automorphisms of U. 

The main general theorem concerning isomorphisms is the Riemann 
mapping theorem: 


If U is a simply connected open set which is not the whole plane, then 
there exists an isomorphism of U with the unit disc. 


The general proof will be postponed to a later chapter. In the present 
chapter, we are concerned with specific examples, where the mapping can 
be exhibited concretely, in a simple manner. 

It will also be useful to the reader to recall some simple algebraic 
formalism about isomorphisms and automorphisms, listed in the follow- 
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ing properties. 
Let f: UV and g: V- W be two isomorphisms. Then 


gof:U~W 
is an isomorphism. 


Let f, g: UV be isomorphisms. Then there exists an automorphism h 
of V such that g=hof. 


Let f: U > V be an isomorphism. Then there is a bijection 


Aut(U) > Aut(V) 
given by 
pr+fogof. 


The proofs are immediate in all cases. For instance, an inverse for 
gof is given by f~'og™" as one sees at once by composing these two 
maps in either direction. For the second statement, we have h = go ft. 
As to the third, if @ is an automorphism of U then fogof™ is an 
automorphism of V, because it is an isomorphism of V with itself. Simi- 
larly, if w is an automorphism of V then f+ oywo/f is an automorphism 
of U. The reader will then verify that the associations 


gprefogof* and pref towpof 


give maps between Aut(U) and Aut(V) which are inverse to each other, 
and hence establish the stated bijection between Aut(U) and Aut(V). The 
association gt» fo@gof" is called conjugation by f. It shows that if we 
know the set of automorphisms of U, then we also know the set of 
automorphisms of V if V is isomorphic to U: It is obtained by conjuga- 
tion. 

We also recall a result from Chapter II, Theorem 6.4. 


Let f be analytic on an open set U. If f is injective, and V = f(U) is its 
image, then 
f:U-~V 


is an analytic isomorphism, and in particular, f(z) #0 for all z in U. 


This result came from the decomposition f(z) = g(z)”, where @ is a local 
analytic isomorphism in the neighborhood of a point zp, in U, cf. Theo- 
rem 5.4. 

Note that if f is analytic and f’(z) #0 for all z in U, then we cannot 
conclude that f is injective. For instance let U be the open set obtained 
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by deleting the origin from the plane, and let f(z) =z°. Then f'(z) #0 
for all z in U, but f is not injective. 

On the other hand, by restricting the open set U suitably, the map 
z++z> does become an isomorphism. For instance, let U be the sector 
consisting of all complex numbers z = re’ with r>0 and 0 <6 < 72/3. 
Then z+» z? is an analytic isomorphism on U. What is its image? 


Vil, §1. SCHWARZ LEMMA 
Let D be the unit disc of complex numbers z with |z| < 1. 


Theorem 1.1. Let f: D—D be an analytic function of the unit disc into 
itself such that f(0) = 0. Then: 


(i) We have |f(z)| S$ |z| for all ze D. 
(ii) If for some zo #0 we have |f(Zo)| = |Zo|, then there is some com- 
plex number « of absolute value 1 such that 


f(z) = az. 


Proof. Let 
f(2)=ayz+°" 


be the power series for f. The constant term is 0 because we assumed 
f(0) = 0. Then f(z)/z is holomorphic, and 


f(z) 


— <i/r for |zj=r<1, 


consequently also for |z| <r by the maximum modulus principle. Letting 
r tend to 1 proves the first assertion. If furthermore we have 


f (Zo) 


Zo 


= 1 


for some Z, in the unit disc, then again by the maximum modulus 
principle f(z)/z cannot have a maximum unless it is constant, and there- 
fore there is a constant « such that f(z)/z = a, whence the second asser- 
tion also follows. 


In the above statement of the Schwarz lemma, the function was nor- 
malized to map the unit disc into itself. The lemma obviously implies 
analogous statements when the functions satisfies a bound 


[f(z)| $B onadisc |z|<R, and f(0) = 0. 
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The conclusion is then that 


[f(2)| S Blz|/R, 


and equality occurs at some point only if f(z) = 8 ou, where a is a 
complex number of absolute value 1. R 

The following statement dealing with /’(0) rather than the function 
itself will be considered as part of the Schwarz lemma. 


Theorem 1.2. Let f: D—D be an analytic function of the unit disc into 
itself such that f(0) = 0. Let 


f(z) = a,z + higher terms. 
Then | f'(0)| = |a,| < 1, and if |a,| = 1, then f(z) = a,z. 
Proof. Since f(0) = 0, the function f(z)/z is analytic at z = 0, and 


1 =a, + higher terms. 


Letting z approach 0 and using the first part of Theorem 1.1 shows that 
la,| < 1. Next suppose |a,| = 1 and 


f(z) = a,z + a,,z™ + higher terms 
with a,, #0 and m= 2. Then 


zZ e 
f) =a, +a,z™ ' + higher terms. 
Zz 


Pick a value of z such that a,,z" ' =a,. There is a real number C > 0 
such that for all small real t > 0 we have 


tz 
me) =a,+a,t™ 2" +h, 
4 


where |h| < Ct”. Since |a,| = 1, it follows that 


J (tz) 


=|a,(1+t™")+h|>1 
{Z 


for t sufficiently small. This contradicts the first part of Theorem 1.1, 
and concludes the proof. 
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Vil, §2. ANALYTIC AUTOMORPHISMS OF THE DISC 


As an application of the Schwarz lemma, we shall determine all analytic 
automorphisms of the disc. First we give examples of such functions. 
To begin with, we note that if @ is real, the map 


zee ez 


is interpreted geometrically as rotation counterclockwise by an angle 9. 
Indeed, if z = re’, then 
e'?z = rel?*9), 


Thus for example, the map z+ iz is a counterclockwise rotation by 90° 
(that is, 7/2). 
Let « be a complex number with |a| < 1, and let 


X—-Z 


ga(2) = 9(2) = ; 


OZ 


Then g is analytic on the closed disc |z| <1. Furthermore, if |z| = 1, 
then z = e® for some real 0, and 


( ) a—-e 
2) = — >... 

g e'9(e~ _ a) 

Up to the factor e’® which has absolute value 1, the denominator is equal 
to the complex conjugate of the numerator, and hence 


if |z| = 1 then |g(z)| = 1. 


We can argue by the maximum modulus principle, that if |z| <1, then 
lg(z)| < 1. By the open mapping theorem, it follows that if |z| <1 then 
|g(z)| < 1. Furthermore, g, has an inverse function. As a trivial exercise, 
prove that 


Ja ° Ja = id. 


Therefore g, is its own inverse function on the unit disc, and thus g, 
gives an analytic automorphism of the unit disc with itself. 


Observe that g(a) = 0. We now prove that up to rotations there are 
no other automorphisms of the unit disc. 
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Theorem 2.1. Let f:D—-D be an analytic automorphism of the unit 
disc and suppose f(a) =0. Then there exists a real number @ such that 


a—Z 


f(z) =e" 


1 — az 


Proof. Let g=g, be the above automorphism. Then fog™ is an 
automorphism of the unit disc, and maps 0 on 0, Le. it has a zero at 0. 
It now suffices to prove that the function h(w) = f(g™1(w)) is of the form 


h(w) = e'?w 


to conclude the proof of the theorem. 
The first part of Schwarz lemma tells us that 


|A(z)| S|z| if [zl <1. 


Since the inverse function h™' also has a zero at the origin, we also get 
the inequality in the opposite direction, that is, 


Iz] S |A(Z)|, 


and the second part of Schwarz lemma now implies that h(z) = ez, 
thereby proving our theorem. 


Corollary 2.2. If f is an automorphism of the disc which leaves the 
origin fixed, i.e. f(0) =0, then f(z) = e'%z for some real number 9, so f 
is a rotation. 


Proof. Let « = 0 in the theorem. 


VII, §2. EXERCISES 


1. Let f be analytic on the unit disc D, and assume that |f(z)| <1 on the disc. 
Prove that if there exist two distinct points a, b in the disc which are fixed 
points, that is, f(a) =a and f(b) = 5, then f(z) = z. 


2. (Schwarz—Pick Lemma). Let f: D — D be a holomorphic map of the disc into 
itself. Prove that for all ae D we have 


ol. ! 
1 If@P > 1 = Iai? 


[Hint: Let g be an automorphism of D such that g(0) =a, and let h be an 
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automorphism which maps f(a) on 0. Let F=hofog. Compute F’(0) and 
apply the Schwarz lemma. | 


3. Let « be a complex number, and let h be an isomorphism of the disc D(a, R) 
with the unit disc such that h(z,.) = 0. Show that 


h(z) = R aed ss 


— (z — a) (Zp — &) 
for some real number 8. 


4. What is the image of the half strips as shown on the figure, under the 
mapping z+» iz? Under the mapping z+> —iz? 


| 
nia 


(a) (b) 
Figure 1 


5. Let « be real, OS a <1. Let U, be the open set obtained from the unit disc 
by deleting the segment [a, 1], as shown on the figure. 
(a) Find an isomorphism of U, with the unit disc from which the segment 
[0, 1] has been deleted. 


ee A Se | 
Pe aesnnginuane naa 2 
: 2 ee a on 
foe 2 ia ie a4 
a: wae es 


Figure 2 
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(b) For an isomorphism of U, with the upper half of the disc. Also find an 
isomorphism of U, with this upper half disc. 
[Hint: What does z++z? do to the upper half disc?] 


Figure 3 


Vil, §3. THE UPPER HALF PLANE 


Theorem 3.1. Let H be the upper half plane. The map 


is an isomorphism of H with the unit disc. 
Proof. Let w = f(z) and z =x +iy. Then 


_x+(y- Di 

rer sii 

Since z is in H, y > 0, it follows that (y — 1)? <(y + 1)? whence 
x? + (y — 1)? =|z— i]? <x? + (y + 1P =|z + il? 


and therefore 
|z — il < |z + il, 
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so f maps the upper half plane into the unit disc. Since 


Write w=u+ iv, with real u, v. By computing directly the real part of 
(w + 1)/(w — 1), and so the imaginary part of 


w+ 1 
w— l 


—I 


you will find that this imaginary part is > 0 if |w| < 1. Hence the map 


1 
Peieag 
w—l 


sends the unit disc into the upper half plane. Since by construction f 
and h are inverse to each other, it follows that they are inverse 1iso- 
morphisms of the upper half plane and the disc, as was to be shown. 


Example. We wish to give an isomorphism of the first quadrant with 
the unit disc. Since we know that the upper half plane is isomorphic to 
the unit disc, it suffices to exhibit an isomorphism of the first quadrant 
with the upper half plane. The map 


achieves this. 


fe 
gases 
Seed 


at 


a ead aia 
sot peemeen 


Sahara 
os an 
in 


eeecee 
aero pa cern 
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If f: H > D is the isomorphism of the upper half plane with the unit disc 
then 


ze f(z’) 


is the desired isomorphism of the first quadrant with the unit disc. Thus 
the function 
z*—i 


Zr - 
Zz +1 


gives an isomorphism of the first quadrant with the unit disc. 


The existence of an isomorphism f/f: H — D of H with the unit disc 
also in some sense determines the automorphisms of H. By the general 
formalism of isomorphisms and automorphisms, we know that 


Aut(H) = f~'Aut(D) f, 


meaning that every automorphism of H is of the form f~!ogo f with 
some automorphism g of D. The question is to give a more explicit 
description of Aut(H). In the exercises, you will develop a proof of the 


following theorem. 
a b 
m= (o 4) 


be a 2 x 2 real matrix with determinant 1. Let fy be the mapping such 
that 


Theorem 3.2. Let 


az+b 
cz+d 


fu(z) = for zed. 


Then fy is an automorphism of H, and every automorphism of H is of 
the form fy, for some such matrix M. Furthermore, two such auto- 
morphisms fy and fy are equal if and only if M’=+M. 


Vil, §3. EXERCISES 
Let 
M = a b 
le d 
be a 2x2 matrix of real numbers, such that ad—bc>0. For ze H, define 


az+b 


fu(z) = cz+d 
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1. Show that 
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(ad — be)y 
Im = 
tu (z) lez 4 d|’ 


2. Show that f,, gives a map of 7 into H. 


3. Let GL3(R) denote the set of all real 2 x 2 matrices with positive determinant. 
Then GL; (R) is closed under multiplication and taking multiplicative inverses, 
so GLj(R) is called a group. Show that if M, M’e GL}(R), then 


Sum =Iu ° Sur: 


This is verified by brute force. Then verify that if J is the unit matrix, 


fr=id and fy =(fu)- 


Thus every analytic map fy, of H has an analytic inverse, actually in GL} (R), 
and in particular f,, is an automorphism of H. 


4. (a) 


If ce R and cM is the usual scalar multiplication of a matrix by a number, 
show that f.4=/fy. In particular, let SL2(R) denote the subset of 
GL3(R) consisting of the matrices with determinant 1. Then given 
M €GL; (R), one can find c > 0 such that cM € SL, (R). Hence as far as 
studying analytic automorphisms of H are concerned, we may concern 
ourselves only with SL>(R). 

Conversely, show that if fy, =fy, for M, M’eSL2(R), then 


M = +M. 


Given an element z=x+iyeH, show that there exists an element 
M &€SL,(R) such that f,,(i) =z. 

Given 2), Z. € H, show that there exists M € SL2(R) such that fy,(z1) = 22. 
In light of (b), one then says that SL2(R) acts transitively on H. 


6. Let K denote the subset of elements M € SL2(R) such that f,,(i) =i. Show that 
if M eK, then there exists a real @ such that 


cos@ —sin @ 
M= 
( sn@ cosé 


All Automorphisms of the Upper Half Plane 


Do the following exercises after you have read the beginning of §5. In particular, 
note that Exercise 3 generalizes to fractional linear maps. Indeed, if M/, M' denote 
any complex non-singular 2 x 2 matrices, and Fy, Fy are the corresponding 
fractional linear maps, then 


Fym’ = Fy 0 Fy. 
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Hence if J is the unit 2 x 2 matrix, then 


Fp=id and Fyi=F,. 


. Let f: H — D be the isomorphism of the text, that is 


Z—1 
f(2) =. 


Note that fis represented as a fractional linear map, f = Fy where M is the 


matrix 
1 -i 
M= 
( 1 i 


Of course, this matrix does not have determinant 1. 
Let K be the set of Exercises 5. Let Rot(D) denote the set of rotations of the 
unit disc, i.e. Rot(D) consists of all automorphisms 


Ro:wr ew  forwe D. 


Show that fKf~' =Rot(D), meaning that Rot(D) consists of all elements 
fofyof with Mek. 


. Finally prove the theorem: 


Theorem. Every automorphism of H is of the form fy for some M €SL,(R). 


[ Hint: Proceed a follows. Let ge Aut(H). There exists M eSL2(R) such that 
fu (g(i)) = i. 
By Exercise 6, we have fy,ogeéK, say fyo°g=heK, and therefore 
g=fy oheSL,(R), 


thus concluding the proof.| 


From the Upper Half Plane to the Punctured Disc 


9. 


Let f(z) = e?"”. Show that f maps the upper half plane on the inside of a disc 
from which the center has been deleted. Given B> 0, let H(B) be that part 
of the upper half plane consisting of those complex numbers z = x + iy with 
y = B. What is the image of H(B) under f? Is f an isomorphism? Why? How 
would you restrict the domain of definition of f to make it an isomorphism? 
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Vil, §4. OTHER EXAMPLES 


isms. 


h 


10us 1somorp 


_ siphinceetenaaenannnianias 


Isomorphism between first quadrant and upper half plane 
Figure 5 
Isomorphism between quarter disc and half disc 
Figure 6 


Example 2. 
Example 3. 


We give the examples by pictures which illustrate var 
Example 1. 


l+z 


th first quadrant 


LSC WI 


Upper half d 


Figure 7 


de the first 


ing insi 


Example 4. By composing the above isomorphisms, we get new ones. 


For instance, let U be the portion of the unit disc ly 
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quadrant as in Example 2. We want to get an isomorphism of U with 
the upper half plane. 

All we have to do is to compose the isomorphisms of Examples 2, 3, 
and 1 in that order. Thus an isomorphism of U with H is given by the 
formula in the picture. 


H _ 


ee ee 
SRS Say ee 


Quarter disc with upper half plane 


Figure 8 
The next three examples concern the logarithm. 


Example 5. 


pores be cena — 
Sse ei eta 


zt> log z 


Upper half disc with a half strip 


Figure 9 


Example 6. 


Seer eet 
ee 


io = oe 
eS ce 
ee ee 


ee oe 
zt log z _ 


Sh poene 
— 


ot 
Soph eieiecs 
ee 


Upper half plane with a full strip 


Figure 10 
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Example 7. 


Plane with deleted positive real axis with a full strip 


z+ log z 


Figure 11 


In the applications to fluid dynamics, we shall see in the next chapter 
that it is important to get isomorphisms of various regions with the 
upper half plane in order to be able to describe the flow lines. In 
particular, certain regions are obtained by placing obstacles inside 
simpler regions. We give several examples of this phenomenon. These 
will allow us to get an isomorphism from a strip containing a vertical 
obstacle with the upper half plane. 


Example 8. 


Figure 12 


Example 9. 


Figure 13 
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Example 10. 


Figure 14 


Remark. By composing the isomorphisms of Examples 8 and 9, using 
a dilation, and a rotation, and finally the isomorphism of Example 10, we 
get an isomorphism of the strip containing a vertical obstacle with the 
right half plane: 


Figure 15 


Another rotation would then yield the upper half plane. 


Example 11. In this example, the obstacle is a bump rather than a 
vertical line segment. We claim that the map 


1 
ZH>z+— 
Z 


is an isomorphism of the open set U lying inside the upper half plane, 
above the unit circle, with the upper half plane. 
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figure. 


ing 
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The isomorph 
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ee 
Se ees 


Figure 16 


Proof. Let w=z + 1/z so that 


If ze U, then |z| > 1soImw>0Oand wed. The quadratic equation 


= 0 


z7—zw+1 


for w= +2. Given weH, any root z= 


Istinct roots except 


has two d 


ither y>0 and x* + y?>1, or y <0 and 
. Since the product of the two roots is 1 (from the quadrat 
, and hence the product of the 


x + iy has the property that e 


x*+y?<1 
equation) 


1C 


, it 


ave 


also 1 


1S 


bsolute values i 


ra 


follows that not both roots can have absolute value > 1 or both h 
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Upper half strip with upper half plane 


Figure 17 


The sine function maps the interval [—2/2,2/2] on the interval 


[—1, 1]. 
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Let us look also at what the sine does to the right vertical boundary, 
which consists of all points 2/2 + it with t 20. We know that 


el? _ e 
sin Z = 7; 
Hence 
a(n. gini2piit _ p-in/2 9 iit 
sin (5 + i) = a 
_ e! + e! 
2 


As t ranges from 0 to infinity, sin(z/2 + it) therefore ranges from 1 to 
infinity, so the image of the vertical half line is the part of the real axis 
lying to the right of 1. You can show similarly that the image of the left 
vertical boundary is the part of the real axis to the left of —1. Thus we 
see precisely what the mapping zt-sin z does to the boundary of the 
region. 

For the convenience of the reader, we also discuss the mapping on the 
interior of the region. Let z = x + iy with 


Tt 
2 


IIA 


x< and O<y. 


Nia 


From the definition of sin z, letting w = sin z = u + iv, we find 


(1) u=sin x cosh y and v = cos x sinh y, 
where 
e*+e” ; e*’—e” 
cosh y = 5 and sinh y = 5 


From (1) we get 


u? vp? 
2) cosh? y + Sink? y 
2 2 
(3) v= lh. 


sin? x cos? x 
If we fix a value of y > 0, then the line segment 


TL 
2 


a 


x + ly with —~<x&s 
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gets mapped onto the upper half of an ellipse in the w-plane, as shown 
on the figure. Note that for the given intervals, we have u 2 0. 


Figure 18 


Geometrically speaking, as y increases from 0 to infinity, the ellipses 
expand and fill out the upper half plane. 

One can also determine the image of vertical lines, fixing x and letting 
y vary, so half lines of the form x + iy with y >0 and x fixed. Equation 
(3) shows that the image of such half lines are upper parts of hyperbolas. 
It is the right upper part if x > 0 and the left upper part if x <0. Since 
an analytic map with non-zero derivative is conformal, these hyperbolas 
are perpendicular to the above ellipses because vertical lines are perpen- 
dicular to horizontal lines. 


Figure 19 


In the above examples, readers may have noticed that to a large extent 
knowledge of the behavior of the mapping function on the boundary of an 
open set determines the effect of the mapping inside this boundary, 
whatever inside means. We shall now give very general theorems which 
make this notion precise. Thus to verify that a certain mapping gives an 
isomorphism between open sets, it frequently suffices to know what the 
mapping does to the boundary. We shall give two criteria for this to 


happen. 
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Theorem 4.1. Let U be a bounded connected open set, U its closure. Let 
f be a continuous function on U, analytic on U. Suppose that f is not 
constant, and maps the boundary of U into the unit circle, so 


\f(z)}=1 ~~ for all z € boundary of U. 


Then f maps U into the unit disc D and f: U — D is surjective. 


Proof. That f maps U into D follows from the maximum modulus 
principle. Suppose there exists some « € D but « is not in the image of f 
Let g, be the automorphism of D interchanging 0 and «, given in Chapter 
VII, §2, so g, extends continuously to the closed unit disc. Then g,o f 
satisfies the same hypotheses as f, but 0 (instead of a) is not in the image 
of g,o f. Then 1/g,0/f is analytic on U, and continuous on U, mapping 
the boundary of U into the unit circle. If zo € U so |gu 0 f(zo)| < 1, then 


WEE ° f (zo)| >I, 


contradicting the maximum modulus principle, and concluding the proof. 


Remark. Suppose that f is injective in the first place. Then the above 
(which is very simple to prove) gives a criterion for f to be an iso- 
morphism, entirely in terms of the effect of f on the boundary, which can 
usually be verified more simply than checking that f has an inverse map. 


For the next theorems, we recall that the interior of a path (if it has 
one) was defined in Chapter VI, §1. 


Lemma 4.2. Let y be a piecewise C! closed path in an open set U of C. 
Suppose that y has an interior, denoted by Int(y). Then the union 


S = Int(y) uy 
(identifying y with its image in U) is compact. 


Proof. To see this, we have to prove that S is closed and bounded. Let 
<Zn» be a sequence in S, converging to some point in C. If the sequence 
contains infinitely many points of Int(y), then for such points W(y, z,) = 1, 
so by continuity, the limit lies in Int(y) or on y. If the sequence contains 
infinitely many points on y, then the limit lies on y (because y is compact). 
This proves that S is closed. Furthermore Int(y) is bounded, because for 
all complex numbers a with |«| sufficiently large, W(y,«) =0 since y is 
homotopic to a point in a disc containing y but not «. This proves the 
lemma. 


Theorem 4.3. Let y be a piecewise C! closed path in a connected open 
set U of C. Assume y homologous to 0 in U. Let f be analytic non- 
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constant on U. Assume that y and f oy have interiors and f oy does 
not intersect f(Int y). Then f is injective on Int(y), and so induces an 
isomorphism of Int(y) with its image. If in addition the interior of f oy 
is connected, then 


f: Int(y) — Int(f oy) 


is an isomorphism. 


Proof. For «€ Int(y), let f,(z) = f(z) — f(a). Then by the chain rule: 


2ni 


W(foy), f(a) = wil... —7@ de 


_ PACU) AUS fo-la. blo 
aa, fom) -r@“ SMe Ie 
J 
= Faq | AUC) a 
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because f, has a zero in Int(y). By the definition of an interior and the 
assumption that foy has an interior, it follows that this final value of 
W ( for, f (x)) is precisely 1, so f, has only one zero, which is simple, and 
in addition we also see that f(a) eInt(foy). Hence 


f: Int(y) — Int(f o 7) 


is injective. This proves the first assertion. 


Suppose next that the interior of foy is connected. The image of 
Int(y) under f is an open subset, since we have shown that f maps Int(,) 
into the interior of fo y. So it suffices to prove that f(Int(y)) is closed in 
the interior of foy. Let {z,} be a sequence of points in Int(y), such that 
{f(Zn)} converges to some point w in Int(foy). We have to show that 
wef(Int(y)). Passing to a subsequence of {z,} if necessary, and using the 
fact that the union of Int(y) and y is compact, we may assume without loss 
of generality that {z,} itself converges, either to a point in the interior 
Int(y), or to a point of y itself. If {z,} converges to a, and « € Int(y), then 
f(a) =w by continuity of f,/ and we are done. If & lies on y, then again 
by continuity f(a) = w, which is impossible since w is not on foy. This 
concludes the proof. 


Readers should go through the examples given in the text to see that 
the mapping property in Theorem 4.3 also applies to unbounded domains 
in those cases. Cf. Exercises 7 and 8 below for specific instances. Readers 
may also look at Exercise 2 of Chapter X, §1, which illustrates several 
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aspects of the way the mapping on the boundary affects the mapping 
inside, including aspects of reflection, to be discussed in greater detail in 
Chapter IX. 


Vil, §4. EXERCISES 


1. (a) 


(b) 


2. (a) 


(b) 


(c) 


In each one of the examples, prove that the stated mapping is an iso- 
morphism on the figures as shown. Also determine what the mapping 
does to the boundary lines. Thick lines should correspond to each other. 
In Example 10, give the explicit formula giving an isomorphism of the 
strip containing a vertical obstacle with the right half plane, and also with 
the upper half plane. Note that counterclockwise rotation by 2/2 is given 
by multiplication with i. 


Show that the function z+»z + 1/z is an analytic isomorphism of the 
region outside the unit circle onto the plane from which the segment 
[ —2, 2] has been deleted. 

What is the image of the unit circle under this mapping? Use polar 
coordinates. 


1 
22 = 
Zz 


Figure 20 


In polar coordinates, if w = z + 1/z = u + iv, then 


1 1\. 
u=(r+1)cos0 and o=(r—2) sina 
r 


Show that the circle r=c with c>1 maps to an ellipse with major axis 
c+1/c and minor axis c—1/c. Show that the radial lines 6 =c map 
onto quarters of hyperbolas. 


3. Let U be the upper half plane from which the points of the closed unit disc 
are removed, i. U is the set of z such that Im(z)>0 and |z|> 1. Give an 
explicit isomorphism of U with the upper half disc D* (the set of z such that 
|z| < 1 and Im(z) > 0). 
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4. Let a be a real number. Let U be the open set obtained from the complex 
plane by deleting the infinite segment [a, oo[. Find explicitly an analytic 
isomorphism of U with the unit disc. Give this isomorphism as a composite 
of simpler ones. [ Hint: Try first to see what Jz does to the set obtained by 
deleting [0, oof from the plane. ] 


5. (a) Show that the function w = sinz can be decomposed as the composite of 
two functions: 


afr : 
w= é : = f() and €=e” = Q(z). 


(b) Let U be the open upper half strip in Example 12. Let g(U)=V. 
Describe V explicitly and show that g: U > V is an isomorphism. Show 
that g extends to a continuous function on the boundary of U and 
describe explicitly the image of this boundary under g. 

(c) Let W=f(V). Describe W explicitly and show that f: V—- W is an iso- 
morphism. Again describe how f extends continuously to the boundary 
of V and describe explicitly the image of this boundary under f. 

In this way you can recover the fact that w=sinz gives an iso- 
morphism of the upper half strip with the upper half plane by using this 
decomposition into simpler functions which you have already studied. 


6. In Example 12, show that the vertical imaginary axis above the real line is 
mapped onto itself by z+» sin z, and that this function gives an isomorphism of 
the half strip with the first quadrant as shown on the figure. 


ze sinz 


Beebe shsetne aa nt hu anno nn racecar 
yore eee eiecieer near emer 
= bento cenit He 


Figure 21 


7. Let w=u + iv = f(z) =z + log z for z in the upper half plane H. Prove that f 
gives an isomorphism of H with the open set U obtained from the upper half 
plane by deleting the infinite half line of numbers 


u+ in with us —1. 


Remark. In the next chapter, we shall see that the isomorphism f allows us 
to determine the flow lines of a fluid as shown on Fig. 23. These flow lines in 
the (u,v)-plane correspond to the rays 9 = constant in the (x, y)-plane. In other 
words, they are the images under f of the rays 6 = constant. 
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-aXis 


presi ect erent ei cee 
Retin ira aa Ra ae 


cf eee orci a 
ste ete eee teeta pee 


u-aXis 


He cea ete ecco antec 
space areeia seein secu is oasiceisn shy st 


“” Sooo eee eeseusreare ear tee 
"Se Se eahe erecta ner saree err 
ch ES crs 

Q Settee eats ee rears errr fe 
~ soe a sie racecar cache sree 


Pea eee eee | 


X-axis 


Figure 22 


Flow lines in the (u, v)-plane 


Figure 23 


[Hint: Use Theorem 4.3 applied to the path consisting of the following pieces: 


The segment from R to e (R large, € small >0). 


The small semicircle in the upper half plane, from € to —e. 


The segment from —e to —R. 


The large semicircle in the upper half plane from —R to R. 


Note that if we write z= re, then f(z) = re” +logr+ i0.] 


8. Give another proof of Example 11 using Theorem 4.3. 


Vil, §5. FRACTIONAL LINEAR TRANSFORMATIONS 


Let a, b, c, d be complex numbers such that ad—bc #0. We may 


Let 


a b 
c dj) 


arrange these numbers as a matrix ( 


1 linear map, or transformation. We have already 


encountered functions of this type, and now we study them more system- 


10na 


We call F a fract 


atically. First observe that if we multiply a, b, c, d by the same non-zero 
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complex number /, then the matrix 


ha Ab 
Ac Ad 
gives rise to the same map, because we can cancel / in the fraction: 


haz+Ab _az+b 
Acz+Ad czt+d 


It is an exercise to prove the converse, that if two matrices 


a b and (“ ) 

c d cd’ 
of complex numbers with ad — bc #0 and a’d’ — b’c' £0 give the same 
fractional linear map, then there is a complex number / such that 


a’ = ia, b’ = Ab, c’ = ie, d' = dd. 
We shall now see that F gives an isomorphism. Note that 


ad — bc 


F'(z) = (cz + a? 


The function F is not defined at z = —d/c, but is defined at all other 
complex numbers, and the formula for its derivative then shows that 
F’(z) # 0 for all complex numbers z 4 —d/c. 

The function F has an inverse. Indeed, let 


az+b 
w= —_.. 
cz +d 


We can solve for z in terms of w by simple algebra. Cross multiplying 
yields 
czw + dw=az+t+b, 
whence 
dw —b 
—cw+a 


Thus the inverse function is associated with the matrix 


(i) 
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Observe that the inverse function, which we denote by F~’, is not defined 
at z= a/c. Thus F gives an isomorphism of C from which —d/c has been 
deleted with C from which a/c has been deleted. 

To have a uniform language to deal with the “exceptional” points 
z = —d/c and z = a/c, we agree to the following conventions. 

Let S be the Riemann sphere, i.e. the set consisting of C and a single 
point oo which we call infinity. We extend the definition of F to S by 
defining 

F(o) = a/c if c#0, 


F(co) = © if c=0. 
Also we define 
F(—d/c) = © if c#0. 


These definitions are natural, for if we write 


a+ b/z 

F(z) = ——_,, 

(2) c+d/z 

and let |z| > oo then this fraction approaches a/c as a limit. 
We may then say that F gives a byection of S with itself. 
We now define other maps as follows: 


T,(z) = z + b, called translation by b; 
J(z) = 1/z, called inversion through the unit circle; 
M,(z) = az for a # 0, called multiplication by a. 


Observe that translations, reflections, or multiplications are fractional 
linear maps. Translations should have been encountered many times pre- 
viously. As for inversion, note: 


If |z| = 1 then 1/z = Z and |1/z| = 1 also. Thus an inversion maps the 
unit circle onto itself. 


If |z| > 1 then |1/z|< 1 and vice versa, so an inversion interchanges 
the region outside the unit disc with the region inside the unit disc. Note 
that 0 and o correspond to each other under the inversion. 

Multiplication by a complex number a can be viewed as a dilation 
together with a rotation, by writing a = re”. 

Thus each one of these particular linear maps has a simple geometric 
interpretation as above. 


Theorem 5.1. Given a fractional linear map F, there exist complex 
numbers a, B, y such that either F = az + B, or 


F(z) = T,o M,o Jo Tp. 
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Proof. Suppose c= 0. Then F(z) = (az + b)/d and F = T,;o M,, with 
B = b/d, « =a/d. Suppose this is not the case, so c #0. We divide a, b, 
c, d by c and using these new numbers gives the same map F, so without 
loss of generality we may assume c = 1. We let B = d. We must solve 


az+b _ Oo ni 
z+d itd” 


or in other words, az+b=a+yz+ yd. We let y =a, and then solve for 
a = b ~ ad # 0 to conclude the proof. 


The theorem shows that any fractional linear map is a composition of 
the simple maps listed above: translations, multiplication, or inversion. 

Now let us define a straight line on the Riemann sphere S to consist of 
an ordinary line together with oo. 


Theorem 5.2. A fractional linear transformation maps straight lines 
and circles onto straight lines and circles. (Of course, a circle may be 
mapped onto a line and vice versa.) 


Proof. By Theorem 5.1 it suffices to prove the assertion in each of the 
three cases of the simple maps. The assertion is obvious for translations 


and multiplications (which are rotations followed by dilations). There 
remains to deal with the inversion. 


Figure 24 


Let w = 1/z =u + iv, so that 


The equation of a circle or straight line in the (u,v) real plane has the 
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form 
A(u? + v*?)+ Bu+ Cvu=D 


with some real numbers A, B, C, D such that not all A, B, C are equal to 
0. Substituting the values for u, v in terms of x, y we find that under the 
inverse mapping the equation is equivalent to 


A+ Bx — Cy = D(x? + y?), 


which is the equation of a circle or a straight line. This proves the 
theorem. 


As Exercise 2, you will prove that if F, G are fractional linear maps, 
then so is FoG. We shall use such compositions in the next considera- 
tions. 

By a fixed point of F we mean a point Zz, such that F(z,)) = Zo. 


Example. The point oo is a fixed point of the map 
F(z) = az + b. 


Proposition 5.3. Let F be fractional linear map. If oo is a fixed point 
of F, then there exist complex numbers a, b such that F(z) = az + b. 


Proof. Let F(z) = (az + b)/(cz + d). If c #0 then F(o) = a/c which is 
not oo. By hypothesis, it follows that c = 0, in which case the assertion 
is obvious. 


Theorem 5.4. Given any three distinct points z,, z,, 23 on the Riemann 
sphere, and any three distinct points w,, w,, w3, there exists a unique 
fractional linear map F such that 


F(z;) = w, for i=1, 2, 3. 


Proof. We proceed stepwise, and first prove uniqueness. Let F, G be 
fractional linear maps which have the same effect on three points. Then 
FoG™" has three fixed points, and it suffices to prove the following 
lemma. 


Lemma 5.5. Let F be a fractional linear map. If F has three fixed 
points, then F is the identity. 


Proof. Suppose first that one fixed point is oo. By Proposition 5.3, we 
know that F(z) = az+b. Suppose z,€C and 2z, is a fixed point. Then 
az; +b=z, so (l—a)z} =b. If a#1 then we see that z; = b/(1 — a) is 
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the only fixed point in C. If a=1, then f(z) =2z+5, and z+) =z if 
and only if b = 0, so f is the identity mapping. 

Suppose next that oo is not a fixed point, so c #0. Let z be a fixed 
point, so that 


az+b 
—____ = z. 
cz +d 


Cross multiplying shows that z is a root of the quadratic equation 
cz? +(a—d)z+b=0. 


This equation has at most two roots, so we see that f has at most two 
fixed points, which are the roots of this equation. Of course the roots 
are given explicitly by the quadratic formula. 


One can give an easy formula for the map F of Theorem 5.4. Note 
that the function z+»z — z, sends z, to 0. Then 


Z— 2; 
Ze ———_ 
Z— Z4 


sends z, to 0 and z, to o. To send z, to 1, all we have to do is 
multiply by the right factor, and thus we obtain: 


Theorem 5.6. The function 


Z—2,2,;—2 
zpro_ i 23 “2 
Z— 223-2, 


is the unique function such that F(z,)=0, F(z.) = 0, F(z3)=1. If 
w = F(z) is the function such that F(z;) = w, for i= 1, 2, 3 then w and z 
are related by the formula 


W—-W2W3—-W, 2Z—2,23—21_ 


This final equation can be used to find F explicitly in special cases. 
Example. Find the map F in Theorem 5.4 such that 


F)=i, F@=-1, F(-1)=1. 
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By the formula, 
w-il+i z-1l —l|—i 
wtlil-i z—-i-1-V 


or in other words, 
wi | tz-—1l 
w+l 2z-i 


We can solve for w in terms of z to give 


_ 2(1 + 2i)+ 1 
~— z+ (1—2i)- 


To check the computation, substitute z = 1, z= i, z = —1 in this ex- 
pression to see that you get the desired values i, —1, and 1, respectively. 


Warning. I find it pointless to memorize the formula in Theorem 5.6 
relating z and w. However, the comments before Theorem 5.6 tell you 
how to reconstruct this formula in an easy way if you don’t have it for 
reference in front of you. 


VII, §5. EXERCISES 


1. Give explicitly a fractional linear map which sends a given complex number 
z, to oo. What is the simplest such map which sends 0 to 0? 


2. Composition of Fractional Linear Maps. Show that if F, G are fractional 
linear maps, then so 1s F o G. 


3. Find fractional linear maps which map: 
(a) 1,i, —1 oni, —1,1 
(b) i, —1,1 0n —1, —i, 1 
(c) -—1, —i, 1 on —1,0, 1 
(d) —1,0, 1 on —1,i, 1 
(e) 1, —1,i, on 1, i, -1 


4. Find fractional linear maps which map: 
(a) 0, 1, co on 1, 0,90 
(b) 0, 1, cc onl, —1,1 
(c)} 0,1, 0 on ~—1,9, 1 
(d) 0,1, 0 on —1, -i, 1 


5. Let F and G be two fractional linear maps, and assume that F(z) = G(z) for 
all complex numbers z (or even for three distinct complex numbers z). Show 
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10. 


11. 


12. 
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that if 
az+b a'z +b’ 
F(2)= cz +d and Gt) = cz +d’ 


then there exists a complex number / such that 
a’ = ja, b’ = Ab, c’ =e, d’ = hd. 


Thus the matrices representing F and G differ by a scalar. 


. Consider the fractional linear map 


zZ—1 


P= 


What is the image of the real line R under this map? (You have encountered 
this map as an isomorphism between the upper half plane and the unit disc.) 


. Let F be the fractional linear map F(z) = (z — 1)(z + 1). What is the image 


of the real line under this map? (Cf. Example 9 of §4.) 


. Let F(z) = z/(z — 1) and G(z) = 1/(1 — z). Show that the set of all possible 


fractional linear maps which can be obtained by composing F and G above 
repeatedly with each other in all possible orders in fact has six elements, and 
give a formula for each one of these elements. [Hint: Compute F?, F?, G?, 
G?, FoG, GOF, etc.] 


. Let F(z) = (z — i)(z + i). What is the image under F of the following sets of 


points: 

(a) The upper half line it, with t = 0. 

(b) The circle of center 1 and radius 1. 

(c) The horizontal line i + t, with te R. 

(d) The half circle |z| = 2 with Im z 20. 

(ec) The vertical line Re z = 1 and Imz20. 


Find fractional linear maps which map: 
(a) 0, 1,2 to 1,0, « 

(b) i, —1,1 to 1,0, 0 

(c) 0, 1,2 toi, —1,1 


Let F(z) =(z + 1)/(z — 1). Describe the image of the line Re(z) = c for a real 
number c. (Distinguish c= 1 and c #1. In the second case, the image is a 
circle. Give its center and radius.) 


Let 2,, 22, 23, Z4 be distinct complex numbers. Define their cross ratio to be 


(2, — 23)(z2 — 24) 


[z1, 275 235 Z4] = 
(Z2 — 23)(2, — Z4) 


(a) Let F be a fractional linear map. Let z; = F(z,) for i= 1, ...,4. Show 
that the cross ratio of z;, 23, 23, z4 is the same as the cross ratio of 
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Z1» Zo, 23, Z4. It will be easy if you do this separately for translations, 
inversions, and multiplications. 

(b) Prove that the four numbers lie on the same straight line or on the same 
circle if and only if their cross ratio is a real number. 

(c) Let z,, z,, 23, Z4 be distinct complex numbers. Assume that they lie on 
the same circle, in that order. Prove that 


|Z, — 23||Z2 — 24] = |Z, — 221123 — 24] + 122 — 23/124 — 21 1- 


Fixed Points and Linear Algebra 


13. Find the fixed points of the following functions: 


—3 4 
(a) fl) =—— (b) f= 

—i 2z — 3 
© se=2— (@) fe) = 


For the next two exercises, we assume that you know the terminology of 
eigenvalues from an elementary course in linear algebra. 


14. Let M be a 2 x 2 complex matrix with non-zero determinant, 


b 
u=(* ) and ad — bc #0. 
c (a 


Define M(z) = (az + b)/(cz + d) as in the text for z# —d/c (c #0). If z= 
—d/c (c #0) we put M(z)= 00. We define M(o)=a/c if c #0, and o if 
c= 0. 

(a) If L, M are two complex matrices as above, show directly that 


L(M(z)) = (LM)(z) 


for z€eC or z= oo. Here LM is the product of matrices from linear 
algebra. 
(b) Let 4, 4’ be the eigenvalues of M viewed as a linear map on C?. Let 


W= (":) and W' = ("') 
W2 W2 


be the corresponding eigenvectors, so 
MW = AW and MW’ =/1'W' 
By a fixed point of M on C we mean a complex number z such that 


M(z) = z. Assume that M has two distinct fixed points in C. Show that 
these fixed points are w = w,/w, and w’ = w;/wW3. 
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(c) Assume that |A] < |A’|. Given z 4 w, show that 


lim M*(z) = w’. 
k> 


Note. The iteration of the fractional linear map is sometimes called a dynam- 
ical system. Under the assumption in (c), one says that w’ is an attract- 
ing point for the map, and that w is a repelling point. 


CHAPTER VIII 


Harmonic Functions 


In this chapter we return to the connection between analytic functions 
and functions of a real variable, analyzing an analytic function in terms 
of its real part. 

The first two sections, §1 and §2, are completely elementary and could 
have been covered in Chapter I. They combine well with the material in 
the preceding chapter, as they deal with the same matter, pursued to 
analyze the real part of analytic isomorphism more closely. 

In §3 and §4 we deal with those aspects of harmonic functions having 
to do with integration and some form of Cauchy’s formula. We shall 
characterize harmonic functions as real parts of analytic functions, giving 
an explicit integral formula for the associated analytic function (uniquely 
determined except for a pure imaginary constant). 


Vill, §1. DEFINITION 


A function u = u(x, y) is called harmonic if it is real valued having contin- 
uous partial derivatives of order one and two, and satisfying 


67u—s 67 7 


axe tap =” 


One usually defines the Laplace (differential) operator 


s-(3) (5) 
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and so u is harmonic if and only if Au=O (and u is of class C’). 
Suppose f is analytic on an open set U. We know that f is infinitely 
complex differentiable. By the considerations of Chapter I, §6, it follows 
that its real and imaginary parts u(x, y) and v(x, y) are C%, and satisfy 
the Cauchy—Riemann equations 


Ou 7 Ov and Ou Ov 
dx oy dy 0x’ 


Consequently, taking the partial derivatives of these equations and using 


0 0 
the known fact that Ox dy = By Ox yields: 


Theorem 1.1. The real part of an analytic function is harmonic. 


2 


Example. Let r = ./x? + y*. Then logr is harmonic, being the real 


part of the complex log. 


We introduce the differential operators 


6 1 é 4; and 0 1 dé ,8 
dz 2\dx ay dz 2\éx dy) 
The reason for this notation is apparent if we write 


1 1 
x= 5(2 + 2) and y=7( — 2). 


We want the chain rule to hold. Working formally, we see that the 
following equations must be satisfied. 


of of ox ofa 1% 14 


dz Oxdz  Oyéz 2€ax 2idy’ 
of ofdx ofdy 19 14f 


dz Oxdz Oydz 2dx 2idy 


This shows that it is reasonable to define d/dz and 0/0Z as we have done. 
It is then immediately clear that u, v satisfy the Cauchy—Riemann equa- 
tions if and only if 

Of 


az 


(Carry out in detail.) Thus: 


f is analytic if and only if of/dz = 0. 
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Since taking partial derivatives commutes, one also finds immediately 


(Do Exercise 1.) Also with the notation 0/0z, if u = Re(f), we can write 
the complex derivative in the form 


In Chapter I, §6, we had introduced the associated vector field 


F(x, y) = (u(x, y), — u(x, y)). 


Recall that in calculus courses, one defines a potential function for F to 
be a function @ such that 


Theorem 1.2. Let g be a primitive for f on U, that is, g' = f. Write g 
in terms of its real and imaginary parts, 


g=ort+ivy. 
Then is a potential function for F. 


Proof. Go back to Chapter I, §6. By definition, g’ = u+ iv. The first 
computation of that section shows that 


as desired. 


We shall prove shortly that any harmonic function is locally the real 
part of an analytic function. In that light, the problem of finding a 
primitive for an analytic function is equivalent to the problem of finding a 
potential function for its associated vector field. 

The expression (1) for the complex derivative suggests that we tabulate 
independently the integral in terms of real and imaginary parts, in a more 
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general context as follows. Let u be a real C! function on some open set. 
Let y be a piecewise C! path in the open set. Then setting dz = dx +i dy, 
we get 


Gu Cu du Cu Cu 
—dz=| (|— — i] (— dy-—-— dx}. 
(2) | 23 dz | (= dx + By ay) rif (= ly y *) 


The first integral is the usual integral from calculus, of gradu= 
(du/dx, Ou/dy) along the curve. If we fix end points for the path, this 
integral is independent of the path since gradu admits a potential 
function, namely wu itself. The second integral can be written as 


Gu du 
(3) | (= ay - > ax) = | (gradu) + 
y \Ox oy y ? 
where N, is the normal to the curve. If y(¢) = (x(2), y(t)), then by 
definition, 


dy dx 
N,(t) — (4. -*) 


Thus we find (without any need for Cauchy—Riemann): 


For a real C' function u, we have 


(4) i dz = | du + i| (grad u) - N, 
y OZ y y 


If y is a closed path, then 


ee dz = '| (ered u) + Ny. 


This kind of decomposition has not been relevant up to now, but when 
dealing explicitly with the real or imaginary part of an analytic function as 
we shall now do, such formulas come to the fore. 

The next theorem gives us the uniqueness of a harmonic function with 
prescribed boundary value. 


Theorem 1.3. Let U be a bounded open set. Let u, v be two continuous 
functions on the closure U of U, and assume that u, v are harmonic on 
U. Assume that u =v on the boundary of U. Then u=v on U. 


Proof. Subtracting the two harmonic functions having the same bound- 
ary value yields a harmonic function with boundary value 0. Let u be 
such a function. We have to prove that u=0. Suppose there is a point 
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(Xo, Yo) € U such that u(xo, yo) > 0. Let 


w(x, y)=u(x, y)+ex* for (x, y)eU. 


We use repeatedly the fact that |x| is bounded for (x, y)e¢ U. Then 


W(Xo, Yo) > 0 


for € small enough, and w is continuous on U, so w has a maximum 
on U. For € small, the maximum of w is close to the maximum of 
u itself, and in particular is positive. But u(x, y)=0 for (x, y) on the 
boundary, and ex? is small on the boundary for e« small. Hence the 


maximum of Ww must be an interior point (x,, y,). It follows that 


Diw(x1,y1) $0 and D3W(x1,¥1) $0. 
But 
(D? + D3)u =0 sO (D? + D?)W(x,, ¥,;) = 2€ > 0. 


This contradiction proves the uniqueness. 


Remarks. In practice, the above uniqueness is weak for two reasons. 
First, many natural domains are not bounded, and second the function 
may be continuous on the boundary except at a finite number of points. 
In examples below, we shall see some physical situations with discontin- 
uities in the temperature function. Hence it is useful to have a more 
general theorem, which can be obtained as follows. 

As to the unboundedness of the domain, it is usually possible to find 
an isomorphism of a given open set with a bounded open set such 
that the boundary curves correspond to each other. We shall see an 
example of this in the Riemann mapping theorem, which gives such 
isomorphisms with the unit disc. Thus the lack of boundedness of the 
domain may not be serious. 

As to discontinuities on the boundary, let us pick for concreteness the 
unit disc D. Let u, v be two functions on D which are harmonic on the 
interior D, and which are continuous on the unit circle except at a finite 
number of points, where they are not defined. Suppose that u and v are 
equal on the boundary except at those exceptional points. Then the 
function u —v is harmonic on the open disc D, and is continuous with 
value 0 on the boundary except at a finite number of points where it is 
not defined. Thus for the uniqueness, we need the following generaliza- 
tion of Theorem 1.3. 


Theorem 1.4. Let u be a bounded function on the closed unit disc D. 
Assume that u is harmonic on D and continuous on the unit circle except 
at a finite number of points. Assume that u is equal to 0 on the unit 
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circle except at a finite number of points. Then u = 0 on the open disc 
D. 


The situation is similar to that of removable singularities in Chapter 
V, §3, but technically slightly more difficult to deal with. We omit the 


proof. If one does not assume that u is bounded, then the conclusion of 
the theorem is not true in general. See Exercise 6. 


Application: Perpendicularity 


Recall from the. calculus of several variables (actually two variables) that 


grad u= (D,u, D,u) = (e ‘| 


Let c be a number. The equation 


u(x, y)=c 


is interpreted as the equation of the level curve, consisting of those points 
at which u takes the constant value c. If u is interpreted as a potential 
function, these curves are called curves of equipotential. If u is interpreted 
as temperature, these curves are called isothermal curves. Except for such 
fancy names, they are just level curves of the function u. From calculus, 
you should know that grad u(x, y) is perpendicular (orthogonal) to the 
curve at that point, as illustrated on the figure. 


grad u(x, v) 


u(x, v)=c 


(x, ¥) 


Figure 1 


Let A =(a,,a,) and B=(b,,b,) be vectors. You should know their 
dot product, 


A:B = a,b, + a,b,, 


and you should know that A is perpendicular to B if and only if their 
dot product is equal to 0. 


Using this and the chain rule, we recall the proof that the gradient is 
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perpendicular to the level curve. We suppose that the level curve is 
parametrized, i.e. given in the form y(t) for t in some interval. Then we 
have 

u(y(t))=c for all t. 


Differentiating with respect to t yields by the chain rule 
grad u(y(t))-y'(t) = 0, 
which proves what we wanted. 
The following statement is an immediate consequence of the Cauchy-— 
Riemann equations. 


Let f =u-+t iv be analytic. Then grad u and grad v are perpendicular. 


Indeed, we take the dot product of 


du du and dv dv 
Ox’ dy dx’ dy 
and apply the Cauchy—Riemann equations to find the value 0. 
Two curves u=c and v=c’ are said to be perpendicular at a point 


(x, y) if gradu is perpendicular to gradv at (x,y). Hence the above 
statement is interpreted as saying: 


The level curves of the real part and imaginary part of an analytic 
function are perpendicular (or in other words, intersect orthogonally). 


v = constant 


/ u= constant \ 


Figure 2 
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In the case when wu is given as the potential function arising from two 
point sources of electricity, then the level curves for u and v look like 
Fig. 2. 

Application: Flow Lines 
For each point (x, y) in the plane, we have an associated vector 
(x, y)k+ grad u(x, y). 


This association defines what is called a vector field, which we may 
visualize as arrows shown on Fig. 3. 


ms z 
thr 


Figure 3 


Let us abbreviate 
G(x, y) = grad u(x, y). 


An integral curve for the vector field G is a curve y such that 
y(t) = G(y(). 


This means that the tangent vector at every point of the curve is the 
prescribed vector by G. Such an integral curve is shown on Fig. 4. 


G(x, y) 
(x, y) 


Figure 4 
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If we interpret the vector field G as a field of forces, then an integral 
curve is the path over which a bug will travel, when submitted to such a 
force. 

Suppose that f = u-+ iv is analytic, as usual. We have seen that the 
level curves of v are orthogonal to the level curves of u. Thus the level 
curves of v have the same direction as the gradient of u. It can be shown 
from the uniqueness of the solutions of differential equations that the 
level curves of v are precisely the integral curves of the vector field 
G = gradu. Thus interpreting u as temperature, for instance, we may 
Say: 


If u=Re f and v = Im f, where f is analytic, then the heat flow of the 
temperature function u occurs along the level curves of v. 


Finally, let U be simply connected, and let 
f:U-~H 
be an isomorphism of U with the upper half plane. We write f = u + iv 
as usual. The curves 


v = constant 


in H are just horizontal straight lines. The level curves of v in U 
therefore correspond to these straight lines under the function /f. 


Figure 5 


Consider the example of Chapter VII, §4 given by 


f()=2+ Iz. 


You should have worked out that this gives an isomorphism as shown 
on the figure. We interpret the right-hand figure as that of a fluid 
flowing horizontally in the upper half plane, without obstacle. The bump 
provided by the semicircle in the left-hand figure provides an obstacle to 
the flow in the open set U. 


The nature of the physical world is such that the flow lines on the left 
are exactly the lines corresponding to the horizontal lines on the right 
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under the mapping function f! Thus the flow lines on the left are 
exactly the level curves v = constant in U. 


This shows how an isomorphism 
f:U-H 


can be applied to finding flow lines. The same principle could be applied 
to a similar obstacle as in Fig. 6. The open set U is defined here as that 
portion of the upper half plane obtained by deleting the vertical segment 
(0, y) with 0 < y < x from the upper half plane. As an exercise, determine 
the isomorphism f to find the flow lines in U. Cf. Exercises 9, 10 and 
the examples of Chapter VII, §4. 


Figure 6 
Vill, §1. EXERCISES 
1. (a) Let A= (=) mn (2) Verify that A ~42 2 
| Ox dy) — y Oz 0Z 


(b) Let f be a complex function on C such that both f and f 2 are 
harmonic. Show that f is holomorphic or f is holomorphic. 


2. Let f be analytic, and f = u— iv the complex conjugate function. Verify that 
of /dz = 0. 


3. Let f: UV be an analytic isomorphism, and let g be a harmonic function 
on V, which is the real part of an analytic function. Prove that the composite 
function g o f is harmonic. 


4, Prove that the imaginary part of an analytic function is harmonic. 


5. Prove the uniqueness statement in the following context. Let U be an open 
set contained in a strip a < x < b, where a, b are fixed numbers, and as usual 
z=x+iy. Let u be a continuous function on U, harmonic on U. Assume 
that u is 0 on the boundary of U, and 


lim u(x, y) = 0 
as yoo or y>—oo, uniformly in x. In other words, given ¢€ there exists 


C >0 such that if y>C or y < —C and (x, y)e U then |u(x, y)|<e¢. Then 
u=0 on U. 
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6. 


10. 


Let 
i+Z 
u(x, y) = Re—_ for z#i and u(0, 1) = 0. 


Show that u harmonic on the unit disc, is 0 on the unit circle, and is 
continuous on the closed unit disc except at the point z=i. This gives a 
counterexample to the uniqueness when u is not bounded. 


Find an analytic function whose real part is the given function. 


(a) u(x, y) = 3x’y — y® (b) x —xy 
y 
(c) ———5 (d) log./x? + y? 
x" +y 
(e) ; where t is some real number. 


(x—1)?+y 
Let f(z) = log z. If z= re", then 


f(z) = logr + i6, 
so the real parts and imaginary parts are given by 
u=logr and v= 0. 


Draw the level curves u=constant and v=constant. Observe that they 
intersect orthogonally. 


Let V be the open set obtained by deleting the segment [0, 1] from the right 

half plane, as shown on the figure. In other words V consists of all complex 

numbers x + iy with x > 0, with the exception of the numbers 0 < x § 1. 

(a) What is the image of V under the map z+» z’. 

(b) What is the image of V under the map z+ z” — 1? 

(c) Find an isomorphism of V with the right half plane, and then with the 
upper half plane. [Hint: Consider the function z++./z? — 1.] 


Let U be the open set discussed at the end of the section, obtained by 
deleting the vertical segment of points (0, y) with O< y <1 from the upper 


Figure 7 
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11. 


12. 


13. 


half plane. Find an analytic isomorphism 
f: UH. 


[Hint: Rotate the picture by 90° and use Exercise 9.] 


Let g be a complex harmonic function on a connected open set U. Suppose 
that g* is also harmonic. Show that g or @ is holomorphic. 


Green’s Theorem in calculus states: Let p = p(x, y) and q=4q(x,y) be C! 
functions on the closure of a bounded open set U whose boundary consists of a 
finite number of C! curves oriented so that U lies to the left of each one of these 
curves, Let C be this boundary. Then 


_ dq op 
|? at aay 7 I, & 7 5) ay ox 


Suppose that f is analytic on U and on its boundary. Show that Green’s 
theorem implies Cauchy’s theorem for the boundary, i.e. show that 


[vs 


Let U be an open set and let z) ¢ U. The Green’s function for U originating 
at Z, is a real function g defined on the closure U of U, continuous except at 
Zo, and satisfying the following conditions: 


GR 1. g(z) = log|z — z,.| + w(z), where w is harmonic on U. 
GR 2. g vanishes on the boundary of U. 
(a) Prove that a Green’s function is uniquely determined if U is bounded. 
(b) Let U be simply connected, with smooth boundary. Let 
f:U—-D 


be an analytic isomorphism of U with the unit disc such that f(z,) = 0. 
Let 
g(z) = Re log f(z). 


Show that g is a Green’s function for U. You may assume that f 
extends to a continuous function from the boundary of U to the bound- 
ary of D. 


Vill, §2. EXAMPLES 


We shall give examples, some of which are formulated in physical terms. 
Let U be an open set whose boundary is a smooth curve C. We shall 
assume throughout that any physical function mentioned is harmonic. 
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In physics, functions like temperature, potential functions, are harmonic. 
We shall also assume that the uniqueness of a harmonic function on U 
with prescribed boundary value holds if the boundary value is assumed 
bounded and continuous except at a finite number of points. 

Our examples are constructed for special open sets, which are simply 
connected. In general any such set is analytically isomorphic to the disc, 
or preferably to the upper half plane. Let 


f:U-H 


be such an isomorphism. In practice, it is clear how f behaves at the 
boundary of U, and how it maps this boundary on the boundary of H, 
1e. on the real axis. To construct a harmonic function on U with pre- 
scribed boundary values, it therefore suffices to construct a function g on 
H, and then take the composite go f (see Exercise 3 of the preceding 
section). In practice, there always exist nice explicit formulas giving the 
isomorphism f. 


Example. We wish to describe the temperature in the upper half plane 
if the temperature is fixed with value 0 on the positive real axis, and 
fixed with value 20 on the negative real axis. As mentioned, temperature 
v(z) is assumed to be harmonic. We recall that we can define 

log z = r(z) + iO(z) 
for z in any simply connected region, in particular for 
0< A(z) <x, r(z) > 0 


omitting the origin. We have 


0(z) = 0 if z is on the positive real axis, 
0(z) = x if z is on the negative real axis. 
The function 6 (sometimes denoted by arg) is the imaginary part of an 


analytic function, and hence is harmonic. The desired temperature is 
therefore obtainable as an appropriate constant multiple of 0(z), namely 


20 20 
v(z) = — O(z) = — arg z. 
Tt Tl 


In terms of x, y we can also write 


O(z) = arctan y/x. 


254 HARMONIC FUNCTIONS [VIII, §2] 


= oe “ sae Bi $i Los Se 5 ee 
ae eee oe oe Se ee sce. 


Figure 8 


Example. If the temperature on the first quadrant has value 0 on the 
positive real axis, and 20 on the positive imaginary axis, give a formula 
for the temperature on the whole first quadrant. 

Again we seek a harmonic function having the desired boundary 
values. We reduce the problem to the preceding example by using an 
analytic isomorphism between the first quadrant and the upper half 
plane, namely 


Zee 72. 


Therefore the solution of the problem in the present instance is given by 
20 40 
T(z) = — arg = — arctan y/x 


if z= x + iy, and z lies in the first quadrant. 


Example. We assume that you have worked Exercise 5. Let A be the 
upper semidisc. We wish to find a harmonic function g on A which has 
value 20 on the positive real axis bounding the semidisc, and value 0 on 
the negative real axis bounding the semidisc. Furthermore, we ask that 
0~/én = 0 on the semicircle. 


Figure 9 
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The analytic function log z maps the semidisc on the horizontal strip 
as shown on Fig. 10. We may therefore solve the problem with some 
function v on the strip, and take g(z) = v(log z) as the solution on the 
semidisc. 


Ze logz 


Figure 10 


The semicircle is mapped on the vertical segment bounding the strip, 
and the condition dg/dn = 0 on this segment means that if we view v as 
a function of two variables (x, y) then dv/ox = 0. Thus v is a function of 
y alone, and it must have the value 20 on the negative real axis, value 0 
at any point x + zi. Such a function is 


u(x y) = 20-y 


Consequently, 


p(z) = 20 — (2) 


where 0 S @(z) S 2. 


Remark. The condition dg/dn = 0 along a curve is usually interpreted 
physically as meaning that the curve is insulated, if the harmonic func- 
tion is interpreted as temperature. 


Vill, §2. EXERCISES 


1. Find a harmonic function on the upper half plane with value 1 on the positive 
real axis and value —1 on the negative real axis. 


2. Find a harmonic function on the indicated region, with the boundary values as 
shown. 
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Figure 11 


3. Find the temperature on a semicircular plate of radius 1, as shown on the 
figure, with the boundary values as shown. Value 0 on the semicircle, value 1 
on one segment, value 0 on the other segment. 


Figure 12 


4. Find a harmonic function on the unit disc which has the boundary value 0 on 
the lower semicircle and boundary value 1 on the upper semicircle. 


In the next exercise, recall that a function g: U > R is said to be of class C! if 
its partial derivatives D,@ and D,@ exist and are continuous. Let V be another 
open set. A mapping 

f:V7>R? 


where f(x, y) = (u(x, y), v(x, y)) is said to be of class C! if the two coordinate 
functions u, v are of class C’. 

If 4: [a,b] — V is a curve in V, then we may form the composite curve foy 
such that 


(f on)(t) = f(n(o). 
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Then y = fon is a curve in U. Its coordinates are 


S(n(t)) = (unt), vo(n(0))). 


a b 


Figure 13 


5. Let y: [a,b] ~ U CR? be a smooth curve. Let 


y(t) = (1 (2), 72(2)) 


be the expression of y in terms of its coordinates. The tangent vector is given by 
the derivative y’(t) = (yj(t),y3(t)). We define 


N,(t) = N(t) = (%2(4, -71 (2) 


to be the normal vector. We shall write vectors vertically. The normal derivative 
of a smooth function g on U along the curve y is by definition 


Dy,» = (grad g) -N, = 9'(y)Ny, 
using the derivative g’(y), which at a value of ¢ is a linear map 
g' (y(t) :R* — R?. 


(a) Prove that the condition Dy,g@=0 remains true under a change of 
parametrization of the interval of definition of y. 

(b) Let f:V—U be analytic, 7: [a,b] — V and y= fog as above. Show 
that the Cauchy—Riemann equations imply 


_ — (aA) (e2fi)(n)\ ( 1 
Njon = F(MNn = (ane enya) (" ) 


Check the chain rule Dyyy(gof)=9'(fon)f'(n)Ny. Conclude that if 
Di fon) P = 0, then Dyin = 0. 


6. Find a harmonic function g on the indicated regions, with the indicated 
boundary values. (Recall what sin z does to a vertical strip.) 
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(a) 


(b) 


ay/an=0 1 y=0 


(c) 


| dp/dn = 0 


Figure 14 
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Figure 14 (continued) 
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In §1 we saw that the real part of an analytic function is harmonic. Here 


we prove the converse. Recall that by definition, simply connected im- 
plies connected. 


Theorem 3.1. Let U be a simply connected open set. Let u be harmonic 
on U. Then there exists an analytic function f on U such that u= 
Re f. The difference of two such functions is a pure imaginary constant. 


Proof. Let 
h = du ou 7 Ou 
“az éx Oy 


Then h has continuous partials of first order. Furthermore h is analytic, 
because 


Since U is assumed simply connected, by Theorem 6.1 of Chapter III, 
h has a primitive f on U, so f’(z) = h(z) for all ze U. Let u, = Re(f) be 
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the real part of f. Then 


h(z) = f'(z) = yi = sj 


so u and u, have the same partial derivatives. It follows that there is a 
constant C such that u=u,+C. [Proof: Let z) be any point of U, 
and let y: [a,b] U be a curve joining z, with a point z in U. Let 
g =u-—u,. Then the partial derivatives of g are 0. By the chain rule we 
have 

0g ox 49 oy 

© a(v(d) = ax Ot Y By at = 0. 

Hence g(y(t)) is constant, so g(z,) = g(z). This is true for all points ze U, 
whence g is constant, as desired.] Subtracting the constant C from f 
yields the desired analytic function having the given real part u, and 
proves the existence. 


Uniqueness is based on the following more general lemma. 


Lemma 3.2. Let f, g be analytic functions on a connected open set U. 
Suppose f, g have the same real part. Then f=g+iK for some real 
constant K. 


Proof. Considering f — g, it suffices to prove that if the real part of 
an analytic function f on U is O then the function is a pure imaginary 
constant. But this is immediate from the open mapping Theorem 6.2 of 
Chapter II, because f cannot map an open set on a straight line, hence f 
is constant because U is connected by Theorem 1.2 of Chapter III. This 
constant is pure imaginary since the real part of f is 0. This proves the 
lemma, and also the theorem. 


Remark. The condition that U is simply connected in Theorem 3.1 is 
needed in general; it is not sufficient that U is connected. Indeed, log r is 
a harmonic function on the open set obtained by deleting the origin from 
C, but there is no analytic function on that open set whose real part is 
log r. 


Remark. We consider composites of functions. In Exercise 3 of §1, you 
already considered a composite of a harmonic function with a holo- 
morphic function. It was then assumed that the harmonic function was 
the real part of an analytic function, but now Theorem 3.1 tells us that 
this is always the case locally, that is in a neighborhood of a point. We 
then have the following properties, which are immediate, but which we 
record for possible future use. 
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Let f: U—V be an analytic function, and let g be a harmonic 
function on V. Then go f is harmonic on U. 

Let f: U—V be analytic. Let V be the complex conjugate of V, 
that is the set of all points z with ze V. Let g be harmonic on V. Then 
the function 

zt+g(f(z)) 


is harmonic. 
Prove these two statements as simple exercises. 


Theorem 3.3 (Mean Value Theorem). Let u be a harmonic function on 
an open set U. Let z)¢U, and let r>0 be a number such that the 
closed disc of radius r centered at 2, is contained in U. Then 


1 [7 , 
u(Z>) = - | u(Z) + re’) dé. 
0 


Proof. There is a number r, >r such that the disc of radius r, cen- 
tered at Zp) is contained in U. Any r, >r and close to r will do. By 
Theorem 3.1, there is an analytic function f on the disc of radius r, such 
that u= Re f. By Cauchy’s theorem, 


_ i f(¢) 
f(Zo) = ani | 72,4 


where C is the circle of radius r centered at zo. 
We parametrize the circle by £ = z) + re’’, so d€ = ire” dO. The inte- 
gral then gives 


1 {77 
f (Zo) = x { f(Z + re’®) dé. 


If we write f = u + iv, then the desired relation falls out for the real part 
u. This concludes the proof. 


Theorem 3.4. 


(a) Let u be harmonic on a connected open set U. Suppose that u has 
a maximum at a point Z) in U. Then u is constant. 

(b) Let U be a connected open set and let U be its closure. Let u be a 
continuous function on U, harmonic on U. If u is not constant on 
U, then a maximum of u on U occurs on the boundary of U in U. 


Proof. First we prove that u is constant in a disc centered at z,. By 
Theorem 3.1 there is an analytic function f on such a disc such that 
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Re f =u. Then ef is analytic, and 


lef ®)| — eM(z) 


Since the exponential function is strictly increasing, it follows that a 
maximum for u is also a maximum for e“, and hence also a maximum of 
le4|. By the maximum modulus principle for analytic functions, it follows 
that ef is constant on the disc. Then e” is constant, and finally u is 
constant, thus proving the theorem locally. 

We now extend the theorem to an arbitrary connected open set. Let S 
be the set of points z in U such that u is constant in a neighborhood of 
z with value u(z,). Then S contains z,, and S is open. By Theorem 1.6 
of Chapter III, it will suffice to prove that S is closed in U. So let z, be 
a point in the closure of S, and z, contained in U. Since u is continuous, 
it follows that u(z,) = u(z.) because points of S can be found arbitrarily 
close to z,. Then u also has a maximum at z,, and by the first part of 
the proof is constant in a neighborhood of z,, which proves that z, eS, 
and concludes the proof of part (a). Part (b) is an immediate conse- 
quence, thus concluding the proof of the theorem. 


As an application of the maximum modulus theorem for harmonic 
functions, we obtain a convexity property of the maximum modulus of 
an analytic function. 


Theorem 3.5 (Hadamard Three-Circle Theorem). Let f be holomorphic 
on a closed annulus 0 <r, <|z| <r,. Let 


_ logr, —logr 
~ log r, — log ry 


Let M(r) = M,(r) = ||f ||, = max|f(z)| for |z| =r. Then 
log M(r) S$ (1 — s) log M(r,) + s log M(r,). 

Proof. Let «a be a real number. The function « log|z| + log|f(z)| is 
harmonic outside the zeros of f. Near the zeros of f the above function 
has values which are large negative. Hence by the maximum modulus 
principle this function has its maximum on the boundary of the annulus, 
specifically on the two circles |z| =r, and |z|=r,. Therefore 

a log|z| + log|f(z)| S max(a log r, + log M(r,), « log r, + log M(r,)) 


for all z in the annulus. In particular, we get the inequality 


a logr + log M(r) S$ max(« log r,; + log M(r,), a log r, + log M(r,)). 
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Now let a be such that the two values inside the parentheses on the right 
are equal, that is 


_ log M(r,) — log M(r,) 
~ jogr, —logr, 


Then from the previous inequality, we get 
log M(r) S alogr, + log M(r,) — « log r, 


which upon substituting the value for « gives the result stated in the 
theorem. 


Remark. Another proof of the Hadamard theorem will be given later 
as a consequence of the Phragmen—Lindelof theorem, giving another 
point of view and other convexity theorems. 

We shall now give further properties of harmonic functions on an 
annulus. The first result is a mean value theorem which is actually an 
immediate consequence of Theorem 3.7, but we want to illustrate a 
method of proof giving a nice application of Fourier series and techniques 
of partial differential operators. 


Theorem 3.6. Let u be harmonic in an annulus 0<r,<r<r,. Then 
there exist constants a, b such that 


27 
| u(r, 9) 2” =alogr+ b. 
20 


0 


Proof. We shall use elementary properties of Fourier series with which 
readers are likely to be acquainted. For each integer n let 


2% 
u,(r) = | u(r, p)enino AE 
0 2n 


Thus u,(r) is the n-th Fourier coefficient of the function @+> u(r, @) for a 
fixed value of r. Since u is infinitely differentiable, one can differentiate 
under the integral sign, so u, 1s infinitely differentiable. We let 


ie 6) 


u(r, 0) = > u,(r)e'"® 


—e 


be the Fourier series. Because u is C®, one can differentiate the Fourier 
series term by term, and the Fourier coefficients are uniquely determined. 
Recall that the Laplace operator is given in polar coordinates for r #0 


264 HARMONIC FUNCTIONS [VIIT, §3] 


by the formula 


a 10 1 @ 


Aa 4 24 oo 
Or? ror r* 660? 


Differentiating the Fourier series with this operator, we note that the 0-th 
Fourier coefficient uo(r) must satisfy the partial differential equation 
Auy = 0, 

or multiplying by r, must satisfy the differential equation 

ruo(r) + uo(r) = 0. 
This amounts to 

Ug/ Uo = — 1/ r, 
which can be integrated to give 
log uy = —logr +c, = log(1/r) +c, 
with some constant c,. Therefore there is some constant a such that 
Uy = a/r, 


whence u,(r)=alogr+b for some constant b. But integrating the 
Fourier series term by term, we obtain 


2n 
| e'"® da =0 if nO. 


0 


The integral of u(r) with respect to @ gives u(r), which concludes the 
proof of the theorem. 


Next we consider harmonic functions on an annulus, which includes 
the special case of the punctured plane C* = C — {0} and the punctured 
disc D¥ = D — {0}. 

Theorem 3.7. Let U be an annulus 0 <1 < |z| <r (with ry possibly 

equal to 00). Let u be harmonic on U. Then there exists a real constant 

a and an analytic function g on U such that 


u—alogr = Re(g). 


Proof. We consider the half annuli as illustrated on Figure 15. 
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eas 
Snetons 


Figure 15 


By Theorem 3.1, there exists an analytic function f, on the upper half 
annulus such that Re(/,) = u, and there exists an analytic function f, on 
the left half annulus U, such that Re(/,) =u. Then f, and f, have the 
same real part on the upper left quarter annulus, so f, — f, is constant 
on this quarter annulus by Lemma 3.2. After subtracting a constant 
from f, we may assume that f, = f, on the upper left quarter annulus. 
Similarly, we obtain f,; on the lower half annulus such that f, = f, on 
the lower left quarter annulus and Re(/;) = u; and we obtain f, on the 
right half annulus with Re(f,) = u and f, = f,; on the lower half annulus. 
But in the final step, there is a constant Ki that we cannot get rid of 
such that 
fs =f, + Ki on the upper quarter annulus. 


The condition Re(f,) = u implies that K is real. 
Now consider the functions 


K 


f(2) 5 log(z) (j =1,...,4) on the j-th half disc, 
7 


where log,(z) is given by 
log,;(z) = log|z| + i6,(z) 
on the j-th half annulus and the angle 6; on the j-th half annulus satisfies 


Tl 37 1 
~<6,<— 5 


0<6, <1, 5 7 


3 
m< 0, < 2n, <0, <2 + 
Then log,(z) = log, (z) + 2zi on the upper fourth quadrant. Hence 


K K 
fa(2z) — 7, 08(2) =fi- 5, logs (2). 
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Therefore there is an analytic function g on u such that 


g = f; — (K/2z) log, 


on the j-th half annulus. This concludes the proof of the theorem. 


Remark 1. In the terminology of Chapter XI, we may say that the 
functions f,, f2, f;, f, are amalytic continuations of each other, and 
similarly for f, — (K/2n) log; for j = 1, ...,4. 


Remark 2. The result of Theorem 3.7 is similar to a result in real 
analysis, which we recall. On R? from which the origin is deleted, we 
have a vector field 


G Xx, = a, ee, i, a) 9 
(x, y) (-. tye xe =) 
or in terms of differentials, 


——~. dx + ———.. dy = d@ 
x+y Tay yp y 


as the reader will verify by the chain rule. Now let F be an arbitrary C! 
vector field on R* minus the origin, F =(f,g) where f, g are C! func- 
tions. Assume that of/dy = dg/dx (the so-called integrability conditions). 
Let y be the circle of radius 1 centered at the origin, and let 


2n 
K = | F-dy = | F(y(0))-¥'(0) 48. 
y 0 
Then there exists a function g on R? minus the origin such that 


K 
F = grad 9g + —G. 
2n 


Cf. Chapter 15, §4, Exercise 13, in my Undergraduate Analysis (Springer- 
Verlag, 1983). 


Theorem 3.7 is of interest for its own sake: because it gives a first 
illustration of analytic continuation to whose general properties will be 
discussed later; and also because we shall use it in the next result, which 
proves for harmonic functions the analogue of the theorem concerning 
removable singularities for analytic functions. 
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Theorem 3.8. Let u be a harmonic function on the punctured disc D*. 
Assume that u is bounded. Then u extends to a harmonic function 
on D. 


Proof. By Theorem 3.7 there exists an analytic function g on D* such 
that u(z) = Re(g(z)) + alogr. We then have the Laurent expansion 


g(2) = az" 


and it suffices to show that there are no negative terms, 1.e. a, = 0 for n 
negative, for then g is bounded in a neighborhood of 0, so a = 0 because 
u is bounded, and we are done. Suppose there are only a finite number 
of negative terms, so g has a pole or order N 2 1 at the origin. Thus 


a_ a_ 
g(z) = — +e + = + higher terms 
z 


and a_, #0. Consider values of z such that |z| =r approaches 0 and 
also such that a_yz~™ is real positive. Then 


a_ l 
|Re(g(z))| 2 WH + (ke). 


and so u = Re(g(z)) + alog|z| cannot be bounded for such z. Hence g 
has an essential singularity at the origin. By the Casorati—Weierstrass 
theorem, g takes on values arbitrarily close to any given complex number 
on any disc of small radius. However, the equation 


Re(g(z)) = u(z) — alogr 


shows that the set of values will miss the points in some region with real 
part large negative or large positive depending on the sign of a, and even 
if a=0. Hence we have shown that the Laurent expansion has only 
terms with n 2 0, thereby concluding the proof of the theorem. 


Although we wanted to illustrate ideas of analytic continuation in the 
proof of Theorem 3.7, readers should also be aware of the following 
extension and a more powerful argument used to prove both results, as 
follows. 


Theorem 3.9. Let U be a simply connected open set in C. Let z,...,2n 
be distinct points in U, and let U* = U — {z,...,2Z,} be the open set 
obtained by deleting these points. Let u be a real harmonic function on 
U*. Then there exist constants a\,...,@, and an analytic function f on 
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U* such that for all ze U* we have 
— S- ak log|z — z,| = Re f(z). 


Proof. On each open disc W contained in U*, u is the real part of an 
analytic function Aw, uniquely determined up to an additive constant. We 
want to determine the obstruction for u to be the real part of an analytic 
function on U*, and more precisely we want to show that there exist real 
constants a, and an analytic function f on U* such that 


— Sax log|z — ze| = Re f(z). 


We consider the functions Aw as above. For each W, the derivative A}, 
is uniquely determined, and the collection of such functions {A}, } defines 
an analytic function A’ on U*. Let y, be a small circle around z,;, and let 


an = =| A'(z) dz. 
Vk 


Let zo be a point in U* and let y, be a piecewise C! path in U* from zo to 
a point z in U*. Let 


a(2) = A'(e) — So ae - and f(z) =| (6) do + (20). 
k Vz 


We claim that this last integral is independent of the path y,, and gives the 
desired function. To show independence of the path, it suffices to show 
that for any closed path y in U* we have J, g(¢) dC =0. By Theorem 2.4 
of Chapter IV, there are integers m; such’ on y~ di my; Then 


| 9 f) dl = dom | f) dt = em] o-oes 


This proves that the definition of f(z) is independent of the path y,, so f 
is an analytic function on U*. 
Next we claim that a, is real. Writing dz = dx-+idy and 


| =o 


we get 
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The first integral over the circle is 0 because it is [du over the circle, i.e. it 
is the integral of grad u, which has a potential function u. The second 
integral is pure imaginary, and dividing by 2zi yields a real number, as 
desired. 

Finally we want to prove that Re f(z) = u(z) — >> a, log|z — z,|. Let 
W be a disc in U* containing zp. We prove the above relation first for 
ze W. We can take the path y, to be contained in W. We then write the 
integral defining f(z) as a sum of two integrals, to get 


Re f(z) =Re | A'y(0) al + u(zo) — Y> Re ay log(z — zx) 
Ye k 
= u(z) — So ax log|z — z;|. 
Finally we use the following lemma to conclude the proof. 


Lemma 3.10. Let U be a connected open set. Let u be harmonic on U, 
and f analytic on U. If u=Re(f) on some open disc contained in U, 
then u=Re(f) on U. 


Proof. Let V be the union of all open subsets of U where u = Re(/). 
Then V is not empty and is open. We need only show that V is closed in 
U. Let {z,} be a sequence of points in V converging to a point we U. 
Let D be a small open disc centered at w and contained in U, such that 
u = Re(g) for some analytic function g on D. Then D contains infinitely 
many z,, and f, g have the same real part in a neighborhood of such z,. 
Hence f —g is a pure imaginary constant on such a neighborhood, 
whence on D. Therefore u=Re(f) on D, so Dc V, we V, and V is 
closed in U, which proves the lemma. 


Remark 1. We have encountered two similar situations with appli- 
cations of Theorem 2.4 of Chapter IV, namely holomorphic functions and 
harmonic functions. In Appendix 6, we shall meet a third similar situation 
with locally integrable vector fields. 


Remark 2. One could delete disjoint discs from U instead of points. 
The conclusion and proof of the theorem are valid. With this more 
general assumption, the result then includes Theorem 3.7 as a special case. 


Vill, §3. EXERCISES 


1. The Gauss theorem (a variation of Green’s theorem) can be stated as follows. 
Let y be a closed piecewise C' curve in an open set U, and suppose y has an 
interior contained in U. Let F be a C! vector field on U. Let n be the unit 
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normal vector on y. Then 
| F-n=l| (div F) dy dx. 
? Int(y) 


Using the Gauss theorem, prove the following. Let u be a C? function on U, 
harmonic on the interior Int(y). Then 


| D,u = 0. 
? 


Here D,u is the normal derivative (grad u)-n, as in Exercise 5 of §2. 
Subharmonic Functions 


Define a real function g to be subharmonic if @ is of class C? (i.e. has continuous 
partial derivatives up to order 2) and 


The next exercise gives examples of subharmonic functions. 


2. (a) Let u be real harmonic. Show that u* is subharmonic. 
(b) Let u be real harmonic, u = u(x, y). Show that 


(grad u)* = (grad u)-(grad u) 


is subharmonic. 

(c) Show that the function u(x, y) = x? + y* — 1 is subharmonic. 

(d) Let u,, u, be subharmonic, and c,, c, positive numbers. Show that 
C,U, + CU, is subharmonic. 


3. Let g be subharmonic on an open set containing a closed disc of radius r; 
centered at a point a. Forr<r, let 


an ., 40 
h(r) = | o(a + re”) —. 
0 21 


Show that h(r) is increasing as a function of r. [Hint: Let u(r, 0) = o(a + re”). 


Then 
diy, _ [**_ 6 (_6u\ dO 
r 5 (r(e)) =| ro (re) S 


Use the expression for A in polar coordinates, and the fact that the integral of 
67u/ 00" is 0 to show that rh'(r) is weakly increasing. Since rh'(r) = 0 for r = 0, 
it follows that rh'(r) 2 0, so h'(r) 2 0.] 
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4. Using Exercise 3, or any other way, prove the inequality 


2n 9 do 
g(a) < | g(a + re”) — for every r. 
0 21 


5. Suppose that @ is defined on an open set U and is subharmonic on U. Prove 
the maximum principle, that no point ae U can be a strict maximum for 9, 
ie. that for every disc of radius r centered at a with r sufficiently small, we 
have 

g(a) S max ¢(z) for |z—al=r. 


6. Let @ be subharmonic on an open set U. Assume that the closure U is 


compact, and that @ extends to a continuous function on U. Show that a 
maximum for @ occurs on the boundary. 


7. Let U be a bounded open set. Let u, v be continuous functions on U such 
that u is harmonic on U, v is subharmonic on U, and u =v on the boundary 
of U. Show that v <u on U. Thus a subharmonic function lies below the 
harmonic function having the same boundary value, whence its name. 


Remarks. We gave a definition of subharmonic functions which would 
exhibit a number of properties rapidly, emphasizing the effect of the 
Laplace operator. Actually, in some of the most important applications, 
our definition is too strong, and one defines a function u to be sub- 
harmonic if it is upper semicontinuous, allowing —oo as a value (with 
—oo <c for all real numbers c), and if u satisfies the maximum principle 
locally in the neighborhood of every point. For a wide class of con- 
nected open sets U, not necessarily simply connected, one proves the 
existence of a harmonic function on U having given boundary value 
(satisfying suitable integrability conditions) by taking the sup of the sub- 
harmonic functions having this boundary value. Taking the sup of two 
functions does not preserve differentiability but it preserves continuity at 
a point, so just for that reason (among others), one has more flexibility in 
dealing with subharmonic functions rather than harmonic functions. For 
a systematic treatment using this approach, see [Ah 66] and [Fi 83], 
especially Chapter 1, §3 and §4. 

The exercises on subharmonic functions will also be found worked 
out in [StW 71]. 


Vill, §4. THE POISSON FORMULA 


In this section, we express an analytic function in terms of its real part. 
We first prove the formula in a rather ad hoc way. After Theorem 4.2, we 
shall make some comments explaining more about the structure of the 
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formula. Some readers might prefer to look at these comments first, or 
simultaneously. We start with an identity for z=x+iy=re": 


! 1-7 1-7 
(1) peitz. 1-P  -P 
l—-z 1-2x+r? 1-2rcosg+r 


Define the Poisson kernel Pr, for 0S r< R by 


R2 _ r2 
Pr,1(8) = - R?2 —2Rrcos@+r2 
This is a real periodic function of @. From (1) one shows at once 
that 


Re® +r 


] 
Pr,r(0) = 2 R Re — pr’ 


Re + re’? R-r 
(2) Prir(g — 8) = Re Re’ — re? R2 — 2rRcos(0 — g) +r?" 


Theorem 4.1. Let f be holomorphic on the closed disc Dp. Let z € Dp. 
Then 


Re" +2z4d0 
—z2n 


F(z) = {- (Re ") Rex 


Proof. Write z=re'®. Let C, denote the circle of radius R, 
parametrized by ( = Re'®, dC = i Re’ d@. Then by Cauchy’s theorem, 


ef 
fey=—— | Og de = |" Re" gaa wo 


2ni Jc, 6 — — re In 


On the other hand, let w = R?/Z = (R?/r)e’*®. Then Cr f(0)(C — w) is 
holomorphic on D, so 


do 


Re? 2n’ 


! 
1 10 JO ig - |" sR) “)_ 


~ Oni Cr 


Subtract and collect terms. The desired identity comes directly from 


(2). 
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Let us decompose f into its real and imaginary part, so 


f=utiv with u=Ref,. 


Then the integral expression of the theorem gives separately an integral 
expression for both u and v. For the real part, we thus get 


an ; Re® + z dé 
u(z) = | u(Re’’) Re RoW a 


In particular, for f itself, we get: 


Theorem 4.2. Let f be holomorphic on the closed disc Dp, then there is 
a real constant K such that for all z€ Dp we have 


2n R id dQ 
fe)= | Re f(Re#) 4+ iK, 


Proof. The right-hand side is analytic in z. One can see this either by 
applying Theorem 7.7 of Chapter III, or by differentiating under the 
integral sign using Theorem A3 of §6, which justifies such differentiation. 
By Theorem 4.1, the right-hand side and the left-hand side, namely f, 
have the same real part. As we saw in Lemma 3.2, this implies that the 
right-hand side and the left-hand side differ by a pure imaginary constant, 
as was to be shown. 


Remark. In Theorem 3.1 we proved the existence of an analytic func- 
tion having a given real part, say on a disc. Theorem 4.2 gives an 
explicit expression for this analytic function, useful to estimate both the 
function and its real part. Applications will be given in exercises. 


The Poisson Integral as a Convolution 


We shall now comment on the expression which occurs in the integral of 
Theorem 4.1, the Poisson kernel. 

Given two periodic functions g,h one defines their convolution g *« h by 
the integral 


2n 2n 
(g « h)(9) = | 9(6)h(9 — 0) dO = | g(p — 0)h(0) dO. 


If g is an even function, that is g(—@) = g(@) for all 6, then we can write 
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this integral in the form 
2n 
(ah)(9) = | (0 o)h(0) 
Then the integral of Theorem 4.1 is seen to be a convolution, namely 


f(z) =f (re) = (Pry *h)(9), 


where h(6) = f(Re’). This type of convolution integral and more of its 
properties will appear again in the next section. 


Remarks. Suppose we are given a continuous function g on the unit 
circle. We can define its Cauchy transform 


i 


h(z) = h,(2) = 4. g(C) 


C—2z 


so that h is holomorphic on the unit disc. Cases of all types can occur 
when h does not extend to a continuous function on C, when h does 
extend to a continuous function on C but this continuous function is 
different from g, and when finally this continuous function is g itself. We 
now give some examples. 


dC, 


2ni 


Examples. Let g(¢) = ¢” when n is an integer 2 0. Then 
h(z) = 2" 


by Cauchy’s theorem. On the other hand, if n is a positive integer, and 
g(C) =", then from the expansion 


1 o 1 [z\ 
maa ds aa(#] 


we see that h = 0. More generally, we can form series 


ie. @) 


g(Q) = Ya, 6", 


—O 


subject to suitable convergence to obtain more general functions. If g is 
an arbitrary continuous function on the circle, with ¢ = e”, then g has a 
Fourier series as above, and the elementary theory of Fourier series 
implies that )'|a,|? converges. Because of the Schwarz inequality, one 
can integrate term by term, and the above example with negative powers 
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of € shows that under the Cauchy transform, all the negative terms 
disappear, and the corresponding holomorphic function h is given by the 
series 


h(z) = y a,z". 


If negative terms were present in the Fourier expansion of g, then cer- 
tainly a continuous extension of h to the circle is not equal to g. 

On the other hand, if we pick z outside the unit circle, then under the 
Cauchy transform, the positive terms of the Fourier expansion will vanish 
rather than the negative terms. 


The Cauchy transform actually defines two holomorphic functions: one 
on the unit disc, and one outside the unit disc. When f is holomorphic 
on the closed unit disc, Theorem 4.1 and 4.2 show how they patch 
together to give rise to an integral expression for f in terms of what 
could be called the Poisson transform (the integral in Theorem 4.2), which 
will be reconsidered from another point of view in the next section. 


We now give an example of a continuous function on the unit circle 
whose Cauchy transform cannot be extended by continuity, say to the 
point 1. We let 


g(e"*) = for 0<6< 2/4 


log(1/8) 
We extend this function of @ linearly between 2/4 and x so that at 0=2x 
the function is 0; and we extend the function by periodicity for other 
values of 6. We leave it to the reader to verify that as z— 1, z real, the 
Cauchy transform tends to infinity. 


Vill, §4. EXERCISES 
1. Give another proof for Theorem 4.1 as follows. First by Cauchy’s theorem, 


_1f £© 
f0)= 55 |e a 


Let g be the automorphism of the disc which interchanges 0 and z. Apply the 
above formula to the function f og instead of f, and change variables in the 
integral, with w = g(C), C = g *(w). 


2. Define 


] R* —r 
Pz (0) = ——-___"—__-- 
(9) 2n R2 — 2Rr cos 0+ r2 


forO<r<R. 
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Prove the inequalities 


R-r R+r 
—_— << — < 


forOsr<R. 


3. Let f be analytic on the closed disc D(a, R) and let u = Re(f). Assume that 
u = 0. Show that for 0 <r < R we have 


R—-r ; R+r 
< id <_ 
Rap le) Sula + re )S paulo. 


After you have read the next section, you will see that this inequality holds 
also if u20 is harmonic on the disc, with a continuous extension to the 
closed disc D(a, R). 


4. Let {u,} be a sequence of harmonic functions on the open disc. If it converges 
uniformly on compact subsets of the disc, then the limit is harmonic. 


Vill, §5. CONSTRUCTION OF HARMONIC FUNCTIONS 


Let U be a simply connected open set with smooth boundary. By the 
Riemann mapping theorem, there is an analytic isomorphism of U with 
the unit disc, extending to a continuous isomorphism at the boundary. 
To construct a harmonic function on U with prescribed boundary value, 
it suffices therefore to do so for the disc. 

In this case, we use the method of Dirac sequences, or rather Dirac 
families. We recall what that means. We shall deal with periodic func- 
tions of period 2x in the sequel, so we make that assumption from the 
beginning. By a Dirac sequence we shall mean a sequence of functions 
{K,} of a real variable, periodic of period 2z, real valued, satisfying the 
following properties. 


DIR 1. We have K,(t) 2 0 for all n and all x. 
DIR 2. Each K,, is continuous, and 


22 
| K,(t) dt = 1. 


0 


DIR 3. Given € and 6, there exists N such that if n= N, then 


a) t 
| K,, + | K, <€. 
Tt rs) 


Condition DIR 2 means that the area under the curve y = K,,(t) is 
equal to 1. Condition DIR 3 means that this area is concentrated near 0 
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if n is taken sufficiently large. Thus a family {K,} as above looks like 


Lh 


Figure 16 


The functions {K,} have a peak near 0. In the applications, it is also 
true that the functions K, are even, that is, K,(—x) = K,(x), but we 
won't need this. 

If f is any periodic function, we define the convolution with K, to be 


SAX) = K,* f(x) = i f(t)K,(x — t) dt. 


Theorem 5.1. Let f be continuous periodic. Then the sequence {K, * f } 
converges to f uniformly. 


Proof. Changing variables, we have 


Sa(X) = | ; f(x — )K,(t) dt. 


On the other hand, by DIR 2, 
fe) = ft) |" Kul de= |" fooKyCo at 


4 


Hence 


In(x) — F(X) = | : [f(x — t) — f(x) K, (6) dt. 
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By the compactness of the circle, and the uniform continuity of f, we 
conclude that given e there is 6 such that whenever |t| < 6 we have 


If(x — t) — fl <e 


for all x. Let B be a bound for f. Then we select N such that if n 2 N, 


We have 


—-6é 6 1 
lfn(x) — f(x)| s | +| + | | f(x — t) — f(x)|K,(t) dt. 


—~t 


To estimate the first and third integral, we use the given bound B for f 
so that | f(x — t) — f(x)| < 2B. We obtain 


—-4é 


[o+{ foe ~~ foi Kt dt = 28 | + ("Kyat <e 
_ é 6 


~h 


For the integral in the middle, we have the estimate 


[ f(x — |) — f(xIK,() dt s [ eK, S { eK, S€. 
—5 


~ kt 


This proves our theorem. 


We leave it as an exercise to prove that if K,, is of class C’, then 


d dK, 
—(K,* f)() = ( 7 Ja 


This is merely differentiating under the integral sign. 
We shall work with polar coordinates r, 6. It is an exercise to see that 
the Laplace operator can be put in polar coordinates by 


oy 2 1d 1 @ 


dy) or? rér_ r* 06? 


It was convenient to formulate the general Dirac property for sequences, 
but we shall work here with families, indexed by r with O<r<1 andr 
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tending to 1, rather than n tending to infinity. We define the Poisson 
kernel as 


1 2 . 
P(6) = — Ik pike 
(0) mm e 


The series is absolutely convergent, and uniformly so, dominated by a 
geometric series, if r stays away from 1. Simple trigonometric identities 
show that 


1 1-—r? 


(+) FO) = 5 reo Ob? 


The smallest value of the denominator occurs when cos @ = 1, and we 
therefore see that 


DIR 1. P(@) = 0 for all r, 0. 


Integrating the series term by term yields 


DIR 2. | P(0) dé = 1. 
This follows immediately from the values: 


a 0 if k<0 
ik6 d@ = ? 
| ° Ion if k=0. 


~~ 


Finally, we have the third condition: 


DIR 3. Given € and 6 there exists rg, 0 < ro < 1, such that if 


io<r<il, 


—d t 
| n+| P<eée. 
—t é 


This is easily seen as follows. Consider for definiteness the interval 
[0,2]. Then on that interval, 


then 


1—2rcos6+r*?2>1—2cosd +r’. 


As r— 1, the nght side approaches 2 — 2cosdé > 0, so there exists b > 0 
and r, such that if r, <r < 1 then 


1—2rcos@+r7=b. 
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Hence 


t m1 7? 1 
< <_—(1 — Pr’). 
| ea0s | ~—d0 <7 (1—1°) 


6 ) 


Since 1 — r? > 0 as r— 1, the desired estimate of DIR 3 follows. 


Thus we view {P,} as a Dirac family, with r— 1. We let f = P,*f 
and write f(r,0) = f,(@). Then f(@) is a function on the open disc. 
Theorem 5.1 yields: 


fA) > f(8) uniformly as r— 1. 


Theorem 5.2. Let f be a real valued continuous function, periodic of 
period 2x. Then there exists a function u, continuous on the closed disc 
and harmonic on the open disc, such that u =f on the circle, in other 
words u(1, 8) = f(@). This function is uniquely determined, and 


u(r, 0) = f,(0) = F, * f(A). 


Proof. The Laplace operator in polar coordinates can be applied to 
P(@), differentiating the series term by term, which is obviously allowable. 
If you do this, you will find that 


(2) ++(2) +2 ]awac 
Thus AP = 0, where P denotes the function of two variables, 
P(r, 0) = F,(8). 
Differentiating under the integral sign, we then obtain 
A((P.* f)(6)) = (AP(8)) * f = 0. 


We view the original periodic function f as a boundary value on the 
circle. The function 


u(r, 0) = f(0) = P,* f(8) 


is defined by convolution for 0 =r<1, and by continuity for r=1 by 
Theorem 5.1. This yields the existence of a harmonic function u having 
the prescribed value f on the circle. Uniqueness was proved in Theorem 
1.3. 
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Remark. Theorem 5.2 gives an alternative proof of Theorem 4.1. 


In many applications, e.g. physical applications, but even theoretical 
ones, it is not convenient to assume that the boundary value function is 
continuous. One should allow for at least a finite number of discon- 
tinuities, although still assuming that the function is bounded. In that 
case, an analysis of the proof shows that as much as one would expect of 
the theorem remains true, i.e. the reader will verify that the proof yields: 


Theorem 5.3. Let f be a bounded function on the reals, piecewise 
continuous, periodic of period 2x. Let S be a compact set where f is 
continuous. Then the sequence {K,+*f} converges uniformly to f on S. 
The function 


u(r, 0) = f,(0) = F,* f(@) 


is harmonic on the open discO Sr<1and0S@S2n. 


Not only can we prove the existence of a harmonic function having a 
prescribed boundary value as in Theorem 5.2, but we can also prove 
directly the existence of an analytic function having this boundary value 
for its real part by using the Poisson integral formula as the definition. 
Nothing is asserted about the imaginary part, and the example given at 
the end of §4 shows that the analytic function need not itself extend by 
continuity to the boundary. 


Theorem 5.4. Let u be continuous on the closed unit disc D, and har- 
monic on the disc D. Then there exists an analytic function f on D such 
that u = Re f, and two such functions differ by a pure imaginary con- 
stant. In fact, 


puOe + iK, 


1 C4+2 at 
fd=sq| 4 


where C is the unit circle and K is a real constant. 


Proof. The function f defined by the above integral is analytic on D by 
Theorem A3 of §6. We have to identify its real part with uv. But the 
integrand is merely another expression for the convolution of the Poisson 
kernel with u. Indeed, the reader will easily verify that if z= re’ is the 
polar expression for z, then 


1. e"+z 1 1—r 
FO — ) = y Reet 2 Ini —dreosi—-D4+r? 
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The unit circle is parametrized by ¢ = e", d( = e“idt, and so the expres- 
sion for the real part of f can also be written 


ef _ 2 


4 it 

Re f = x | Reo ” ulert) dt, 

2n J_. 

which is the convolution integral. Applying Theorem 5.1 shows that the 
real part Re f on D extends continuously to the boundary and that its 
boundary value is precisely u. The uniqueness of harmonic functions 
with given boundary value shows that the real part of f is also equal to 
u on the interior, as was to be shown. 


The integral expression of Theorem 5.4 gives a bound for f in terms 
of its real part and f(0). Such a bound can be obtained in a simpler 
manner just using the maximum modulus principle, and we shall give 
this other proof in §3 of Chapter XII. 

We shall now give an application of the construction of a harmonic 
function with given boundary value. 


Theorem 5.5. Let u be continuous on an open set U. Suppose that u 
satisfies the mean value property locally at every point of U, that is for 
Zo €U and r sufficiently small, 


22 d@ 
u(Zo) = I u(Zo + re’?) = . 
Then u is harmonic on U. 


Proof. We first prove that u satisfies the maximum principle locally. 
Suppose u(z,) = u(z, + re) for all r with O<r<ry. Then u is locally 
constant at z). Indeed, suppose that u(z,) < u(z,) for some point z, on 
the circle of radius r. Then u(z) < u(z,)—«, for some e>0 and all z 
sufficiently close to z, on the circle. It then follows that the above 
integral is < u(z,), a contradiction. This proves the local maximum prin- 
ciple, and similarly the local minimum principle. 

Now to prove that u is harmonic, let z, ¢ U, and pick r sufficiently 
small so that the mean value property holds with OS r<ry. Let u, be 
the harmonic function on the disc D(z,,7r9) having the given boundary 
value uw on the circle of radius ro around Zp, as guaranteed by Theorem 
5.4. Then u—u, has boundary value 0, and satisfies the mean value 
property at every point of D(z9, ro). Hence u — u, has both its maximum 
and minimum on the boundary, so u — u, =0 and u=u,, thus proving 
the theorem. 
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VII, §5. EXERCISES 


One can also consider Dirac sequences or families over the whole real line. We 
use a notation which will fit a specific application. For each y > 0 suppose given 
a continuous function P, on the real line, satisfying the following conditions: 


DIR 1. P(t) 20 for all y, and all real t. 


DIR 2. | P(t) dt = 1. 


mame 6) 


DIR 3. Given ¢€, 6 there exists yy > 0 such that if 0 < y < yo, then 


—-36 oO 
| + | P(t) dt <e. 
— 2 6 


We call {P,} a Dirac family again, for y+ 0. Prove: 


1. Let f be continuous on R, and bounded. Define the convolution P,* f by 


c 


P+ f(x) = | P(x — Hf(t) dt 


—e 


Prove that P, + f(x) converges to f(x) as y +0 for each x where f is continuous. 
The proof should also apply to the case when f is bounded, and continu- 
ous except at a finite number of points, etc. 


2. Let 
Il sy 


t) = —- —_—_—_. for > 0. 
y mt? + y? y 


Prove that {P,} is a Dirac family. It is called the Poisson family for the upper 
half plane, and it is classical. 


3. Define for all real x and y > 0: 
F(x, y) = P,* f(x). 


Prove that F is harmonic. In fact, show that the Laplace operator 


0 \? é \? 
(=) +(5) 
J 
(t—x)?+y? 


applied to 


yields 0. 
You will have to differentiate under an integral sign, with the integral being 
taken over the real line. You can handle this in two ways. 
(i) Work formally and assume everything is OK. 
(ii) Justify all the steps. In this case, you have to use a lemma like Theorem 
A4 of §6. 
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The above procedure shows how to construct a harmonic function on the 
upper half plane, with given boundary value, just as was done for the disc in the 
text. 


4. Let u be a bounded continuous function on the closure of the upper half plane 
(ie. on the upper half plane and on the real line). Assume also that u is 
harmonic on the upper half plane, and that there are constants c>0 and 
K > 0 such that 

1 
lu(t)| < K MiG for all |t| sufficiently large. 
Using the Dirac family of the preceding exercise, prove that there exists an 
analytic function f on the upper half plane whose real part is u. [Hint: Recall 
the integral formula of Exercise 23 of Chapter VI, §1).] 


Remark. If u is not bounded, then the conclusion need not hold, as shown by 
the function u(x, y) = y, which has boundary value 0 on the real line. 


Let u be a continuous function on an open set U. We say that u satisfies the 
circle mean value property at a point zo € U if 


2n 
u(Zo) = al u(zy + re!) dO 


for all r > 0 sufficiently small (so that in particular the disc D(zo, r) is contained in 
U). We say that wu satisfies the disc mean value property at a point z) € U if 


| 
u(zo) =| u dx dy, 


D(zo,r) 


for all r > 0 sufficiently small. We say that the function satisfies the mean value 
property (either one) on U if it satisfies this mean value property at every point of 
U. By Theorem 3.3 and Theorem 5.5 we know that u is harmonic if and only if u 
satisfies the circle mean value property. 


5. Prove that u is harmonic if and only if wu satisfies the disc mean value property 
on U. 


6. Let H* be the upper half plane. For ze H* define the function 


| 


hl) = 35 (5-75) for Ce HH". 


Then h, is analytic on H* except for a simple pole at z. Let f be an analytic 
function on H* UR (i.e. on the closure of the upper half plane, meaning on an 
open set containing this closure). Suppose that f is bounded on H+ UR. Prove 
that 
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This is the analogue of Theorem 4.1 for the upper half plane. [Hint: Integrate 
over the standard region from the calculus of residues, namely over the interval 
[—R, R] and over the semicircle of radius R.] 


7. In Exercise 6, consider the case z=i. Let 


be the standard isomorphisms between the upper half plane and the unit disc D. 
Show that 


In light of Exercise 1, this shows that the kernel function in Exercise 2 cor- 
responds to the Poisson kernel under the isomorphism between H* and D. 


8. Let x =rcos 0, y=rsin#@ be the formulas for the polar coordinates. Let 
T(x, y) =f(r cos 6, r sin 0) = g(r, 6). 


Show that 


g lag lag OF OF 


a ror rage ox2 dp? 


For the proof, start with the formulas 


dg 


dg _ 
a, = (Pif) cos 8+ (D2f) sin and 50 


= —(D, f)r sin 6+ (D2f)r cos 6, 


and take further derivatives with respect to r and with respect to 0, using the 
rule for derivative of a product, together with the chain rule. Then add the 
expression you obtain to form the left-hand side of the relation you are 
supposed to prove. There should be enough cancellation on the right-hand side 
to prove the desired relation. 


9. (a) For t>0, let 


1 2 
K(t, x) = K,(x) = ——-e*™. 
./ 4nt 


Prove that {K,} for t+0 is a Dirac family indexed by t, and t-0 
instead of n— oo. One calls K the heat kernel. 

(b) Let D =(é/dx)? — 0/ét. Then D is called the heat operator (just as we 
defined a Laplace operator A). Show that DK = 0. (This is the analogue 
of the statement that AP = 0 if P is the Poisson kernel.) 

(c) Let f be a piecewise continuous bounded function on R. Let F(t, x) = 
(K,* f)(x). Show that DF = 0, ie. F satisfies the heat equation. 
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Vill, §6. APPENDIX. DIFFERENTIATING UNDER 
THE INTEGRAL SIGN 


In this section, we used theorems of basic real analysis. We shall give here 
proofs in special cases which are sufficient for the applications we make 
here. We do this for the convenience of the reader. See Chapter XV, §1 
for a version specific to complex situations. We first deal with continuity, 
then with differentiability. 


Theorem Al. Let f be a continuous function of two variables, f = f(x,y) 
with x, y in finite intervals, x € [a, b| and yeé|(c, d]. Let 


d 
a(x) =| (0, x) at 


c 


Then g is continuous. 


Proof. Since the rectangle [a, b] x [c,d] is compact, f is uniformly 
continuous on this rectangle. For x, x’ € [a, b], we have 


d 
g(x) — 9(x")| < | f(t, x) f(t", x) dt. 


By uniform continuity, given « there exists 6 such that if |x — x’| <6 then 
f(t, x) —f(t',x)| < for all ye [c,d]. Hence 


lg(x) — g(x')| S €(d - c) 
which concludes the proof. 


Next we deal with an infinite interval, but still consider continuity. 


Theorem A2. Let f be a continuous function of two variables (t, x) 
defined for t = a and x in some compact set of numbers S. Assume that 
the integral 

B 


ice dt = Jim | S(t, x) dt 


a a 


converges uniformly for xe S. Let 
fo. 6) 


a(x) =| f(t») de 


a 


Then g is continuous. 
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Proof. For given x€S we have 
cO 


g(x +h) — g(x) =| re x +h) a — | f(t, x) dt 


a 


= |" (f(t,x +h) —f(t,x)) dt. 


a 


Given ¢, select B such that for all ye S we have 


< €. 


| 4 (t, y) dt 


Then 


g(x +h) — g(x) 


| (f(t, x +h) —f(t, x)) at 


+ + 


ic x) dt 


[fehl 
B 


We know that f is uniformly continuous on the compact set |a, B] x S. 
Hence there exists 6 such that whenever |h| <6 we have 


If(t, x +h) —f(t, x)| S €/B. 


The first integral on the right is then estimated by Be/B =e. The other 
two are estimated each by e, so we have a 3e-proof for the theorem. 


We shall now prove special cases of the theorem concerning differen- 
tiation under the integral sign which are sufficient for our applications. 
They may be called the absolutely convergent cases. 

For a function f of two variables, we let D, f and Df be the partial 
derivatives of f with respect to the first and second variable respectively. 


Theorem A3. Let f(t, x) be defined fora<t<b and xeéU (either an 
interval for the real variable case, or an open set in C for the case of 
complex x). Suppose f and D2 f defined and continuous. Let 


Then g is differentiable, and 


b 
g'(x) -| Dy f (t, x) dt. 
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Proof. We have by linearity, 


— b b — 
eet Dy f(t, x) a= | eRe _ past x)| dt. 


By the mean value inequality (see below), 


< sup IDof (t, w) - Dof (t, x)| 


Ww 


where the sup is taken for all w on the segment from x to x +h. Let S(h) 
be a closed interval or closed disc of radius |h| centered at x, and 
contained in U. By the uniform continuity of D2 f on compact sets, the 
right side approaches 0 as h — 0, uniformly for te [a, b]. The conclusion 
of the theorem follows at once. 


Theorem A4. Let f be a function of two variables (t, x) defined for t = a 
and x either in a finite interval [c, d|, or on some open set U in C. 


Assume that Dzf exists, and that both f and D2f are continuous. Assume 
that there are functions g(t) and W(t) which are =0, such that 


f(t, x)| So) and |Da f(t, x)| SW), 


for all t, x, and such that the integrals 


converge. Let 


Dg(x) = [" D2 f (t, x) dt. 


a 


Proof. Let S = |c, d], or S = closed disc centered at x and contained in 
U. We have 


g(x +h) — g(x) _ I" Df (t, x) dt 


h ; 
S| 


f(t, x + h) —f(t, x) 
h 


— Do f (t, x) dt. 
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Select B so large that 


Since D2 f is uniformly continuous on [a, B] x S we can find 6 such that 
whenever |h| < 0, 


sup |Dof(t, w) ~ Daf (t, I< > 


where the sup is taken for w on the segment between x and x +h. The 
integral between a and B is then bounded by e. The integral between B 
and oo is bounded by 2c because 


sup |D2f(t, w) — Def (t, x)| $2 (0). 


This proves our theorem. 


Remark. In the above proof, we used the mean value theorem in its 
manifestation as a mean value inequality. We recall briefly how it is 
proved. 

For a continuously differentiable function f on some open U, a point 
xeU such that the interval between x and x+/A is contained in U, we 
have the exact relation 


1 
d 
flxth) f(a) =| SI (e+ a) at 
and hence the estimate 


< |h| suv | f"(x + th)|. 


[rtm dt 
0 


This gives 


MVT 1. f(x +A) — f(x) s [Al sup If), 


the sup being taken over all w on the segment. Apply this estimate to the 
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function g such that g(z) = f(z) —f'(x)z. Then we get 


MVT 2. [f(x-+h)—S(%) —S'(x)h| $ [Al sup|f“(w) — "(2 


After dividing by h, this is precisely the inequality we used in the previous 
proofs. 


PART TWO 


Geometric Function Theory 


This part contains three chapters which give a very strong geometric 
flavor to complex analysis. These chapters are logically independent of 
the third part, and continue some ideas concerning analytic isomorphisms 
and harmonic functions. Thus these three chapters form one possible 
natural continuation of Chapters VII and VIII. 

On the other hand, the maximum modulus theorem and its applica- 
tions give rise to another direction, taken up in Part Three, concerning 
the rate of growth of analytic functions. 

The ordering of the book fits the breakdown of courses into semesters, 
not the mathematical ideas. For instance, the analytic continuation along 
curves could be done immediately after the definition of the logarithm in 
Chapter I, §6. This continuation relies on the same idea of homotopy 
and curves close together. Similarly, the Riemann mapping theorem could 
be done immediately after Chapter VII, as giving the general result in the 
background of the specific mappings for simple concrete open sets iso- 
morphic to the disc. However, students may prefer to get an overview of 
the simpler cases first, and get to the general theorems afterward. Unfor- 
tunately, a book has to be projected in a totally ordered way on the 
page axis. Students should reorder the material according to their taste 
and individual ways of comprehension. 
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CHAPTER IX 


Schwarz Reflection 


Let f be an analytic function on an open set U, and let V be an open 
set. We shall give various criteria when f can be extended to an analytic 
function on UUV. The process of extending f in this way 1s called 
analytic continuation. If U, V are connected, and have in common an 
infinite set of points which have a point of accumulation in Ud V, then 
an analytic continuation of f to UU V is uniquely determined. Indeed, if 
g is analytic on V and g = f on UOV, then g is the only such function 
by Theorem 1.2 of Chapter III. 

In this chapter, we deal with the analytic continuation across a bound- 
ary consisting of a real analytic arc, which will be defined precisely. We 
shall deal with the continuation of harmonic functions as well as analytic 
functions, following the pattern established in the last chapter. 


IX, §1. SCHWARZ REFLECTION 
(BY COMPLEX CONJUGATION) 


First, we set some notation which will remain in force in this section. 


Let U* be a connected open set in the upper half plane, and suppose 
that the boundary of U* contains an open interval I of real numbers. 
Let U~ be the reflection of U* across the real axis (i.e. the set of Z 
with ze Ut), and as in Figure 1, let 


U=UTvuIuUU. 
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Figure 1 


Theorem 1.1. Suppose throughout this section that U is open. 


(i) If f is a function on U, analytic on U* and U-, and continuous 
on I, then f is analytic on U. 

(ii) If f is a function on U* UI, analytic on U* and continuous on I, 
and f is real valued on I, then f has a unique analytic continuation 
F on U, and F satisfies 


F(z) = f(2). 


Proof. We reduce (ii) to (i) if we define F by the above formula. 
From the hypothesis that f is real valued on J, it is clear that F is 
continuous at all points of J, whence on U. Furthermore, from the 
power series expansion of f at some point Z, in the upper half plane, it is 
immediate from the formula that F is analytic on U~. There remains to 
prove (i). 

We consider values of z near I, and especially near some point of I. 
Such values lie inside a rectangle, as shown on Fig. 2(a). This rectangle 
has a boundary C = C* + C_, oriented as shown. 


(b) 


Figure 2 
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We define 


wz -i.{ £0 
2ni Jol —2 


dC, 


for z inside the rectangle. Then for z not on I, we have 


ol f(¢) I f(¢) 
a= yi) Part | Ma 


Let C, be the rectangle as shown on Fig. 2(b). Then for z inside C;, 


Cauchy’s formula gives 
1 
fey= ne) Loa 
Cz 


ni C-—2z 


An easy continuity argument shows that taking the limit as « 0, we get 


in fact 
1 
fe) = — | I) ae 
ct 


Qn C-—2z 


for z inside C;, and hence inside C*. On the other hand, a similar 
argument combined with Cauchy’s theorem shows that 


{ IO a 0, 
c-¢—2 


Hence g(z) = f(z) if z is in U~* near I. By continuity, we also obtain that 
g(z) = f(z) if z is on I. By symmetry, the same arguments would show 
that g(z) = f(z) if z is in U’, and z is near J. This proves that g(z) = f(z) 
for z near I in U, and hence that g is the analytic continuation of f in 
U, as was to be shown. 


Next we prove the analogue for harmonic functions. 


Theorem 1.2. Let v be a continuous function on U* UI, harmonic on 
U*, and equal to 0 on I. Then v extends to a harmonic function on 
UTUIUU. 


Proof. Define v(zZ) = —v(z). Then v is harmonic on U, because the 
property of being harmonic can be verified locally, and on a small disc 
centered at a point z, in U*, v is the imaginary part of an analytic 
function f, so —v is the imaginary part of f, whence the definition of v 
on U” gives a harmonic function. From the hypothesis that v = 0 on J, 
we conclude that v is continuous on IJ, so v is continuous on all of U. 
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There remains only to show that v is harmonic at points of J. Let x, €J, 
and let D(x,,r,) be a small disc centered at x,. Since v is harmonic on U* 
and U , it satisfies the mean value property at points of U* and U~. Since 
v(x,) = 0, and v(Z) = —v(z), it follows at once that v also satisfies the 
mean value property at x,. Hence by Theorem 5.5 of Chapter VIII, it 
follows that v is harmonic in a neighborhood of x,;. This proves the 
theorem. 


Peter Jones showed me another elegant argument which avoids the 
classical use of Theorem 5.5 and runs as follows. Let D be a disc 
centered at a point of a real interval J. Let v be a continuous function 
on the closure of the upper half disc Dt. We suppose that v is harmonic 
on Dt, and v=0 on the real segment. Define the function v on D™ 
by 


Then v is harmonic on D-, and since v=0 on J, it follows that v is 
defined continuously on the closure of D. We have to prove that v is 
harmonic on D. By the existence and uniqueness theorem, there exists a 
unique harmonic function v; on D having continuous boundary value 
equal to v on the boundary circle. We want to show v; = 0 on the real 
segment. Define v2 on the closed disc by 


v2(z) = —Dv (Z). 


Then v2 is continuous on the closure of D, and harmonic on D. But v2 
also has the same boundary value as v,. Therefore v2 =v;. From the 
above equation, we conclude that 


v01(x) = —v1(x) for x on the real segment, 


whence v;(x)=0 for x on the real segment. Finally v; has the same 
boundary value as v itself on the closed upper half disc, and is therefore 
equal to v on this upper half disc. This concludes the proof. 


Remark. Theorem 1.1 is also an immediate consequence of Theorem 
1.2, and readers should be aware of both approaches, via Cauchy’s 
theorem and via harmonic functions. 


Next we consider cases when the analytic function may be an iso- 
morphism. The next result will be applied in Theorem 2.5 to complement 


[IX, §2] REFLECTION ACROSS ANALYTIC ARCS 297 


the Riemann mapping theorem in the next chapter. We let H* be the 
upper half plane and H™~ the lower half plane. 


Proposition 1.3. Let f be an analytic function on U, real valued on I. 
Assume in addition that f gives an isomorphism of U* with f(U*) c H* 
and an isomorphism of U~ with f(U~)< H~. Then f is an isomorphism 
of U with f(U). 


Proof. We first show that f is a local isomorphism at each point of I. 
After making translations, we may assume without loss of generality that 
the point of J is 0, and that f(0) = 0. Let 


f(z) = cz™ + higher terms, with c#0andm21 


be the power series expansion of f. Since f(I) < R, we must have c real. 
Since by hypothesis f(U*) < H*, we must have c>0, as one sees by 
looking at values on z=re” with r>0O and @ small. Then m=1, for 
otherwise, there is some 8 with 0 < 8 <7 such that x < m@ < 2z, contra- 
dicting the hypothesis that f(U*)c H*. Hence f'(z) #0 for all zelJ, 
and f is a local isomorphism at each point of I. 

There remains to prove that f is injective on I. Suppose f(z,) = f(z) 
with z, #z, on I. Let ze U* be close to z,. Then f(z) is close to f(z,) 
and lies in H*. But f gives an isomorphism of some disc centered at z, 
with a neighborhood of f(z,), and by hypothesis, f induces an isomor- 
phism of the upper half of this disc with its image in H*, so f(z) = f(z’) 
for some z’ in the upper half of the disc, contradicting the hypothesis 
that f is injective on U*. This concludes the proof of the proposition. 
Figure 3 illustrates the argument. 


Figure 3 


IX, §2. REFLECTION ACROSS ANALYTIC ARCS 


The theorems of the preceding section apply to more general situations 
which are analytically isomorphic to those of the theorems. More pre- 
cisely, let V be an open set in the complex numbers, and suppose that V 


298 SCHWARZ REFLECTION [IX, §2] 


is the disjoint union 
V=VT UV, 


where V* is open, V~ is open, and y is some curve. We suppose that 
there exists an analytic isomorphism 


wW:U>V 
such that 
WUt)=Vt, wWD=7, WU )=V-. 


The notation U = U* UI UU“ is the same as at the beginning of §1. 


Theorem 2.1. 


(i) Given a function g on V which is analytic on V* and V~, and 
continuous on y, then g is analytic on V. 

(ii) If g is an analytic function on V* which extends to a continuous 
function on V* Uy, and is real valued on y, then g extends to an 
analytic function on V. 


Proof. Obvious, using successively parts (i) and (ii) of the theorem, 
applied to the function f = gow. 


A standard example of this situation occurs when V~* is an open set 
on one side of an arc of the unit circle, as on Fig. 4(b). It is then useful 
to remember that the map 

zt+I1/z 


interchanges the inside and outside of the unit circle. 


(a) (b) 
Figure 4 
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We can also perform an analytic continuation in the more general 
situation, as in part (ii) of the theorem. More generally, let us define a 
curve 


vy: [a,b] ~C 


to be real analytic if for each point ty in [a, b] there exists a convergent 
power series expansion 


y(t) = y a,(t ~ ty)" 


for all t sufficiently close to tp. Using these power series, we see that y 
extends to an analytic map of some open neighborhood of [a,b]. We 
shall say that y is a proper analytic arc if y is injective, and if y(t) 4 0 for 
all te [a,b]. We leave it as an exercise to prove: 


If y is a proper analytic arc, then there exists an open neighborhood W 
of [a,b] such that y extends to an analytic isomorphism of W. 


Let y:[a,b]—C be a proper analytic arc, which is contained in the 
boundary of an open set U (in other words, the image of y is contained 
in the boundary of U). We shall say that U lies on one side of y if there 
exists an extension yy of y to some open neighborhood W of [a,b] as 
above, such that yy'(U) lies either in the upper half plane, or in the 
lower half plane and is an open neighborhood of |a, 5] in that half plane. 
As usual, y;/(U) is the set of points ze W such that yy(z) € U. 

Let f be an analytic function on an open set U. Let y be a proper 
analytic arc which is contained in the boundary of U, and such that U 
lies on one side of y. We say that f has an analytic continuation across » 
if there exists an open neighborhood W of y (without its end points) such 
that f has an analytic continuation to UU W. 


Theorem 2.2. Let f be analytic on an open set U. Let y be a proper 
analytic arc which is contained in the boundary of U, and such that U 
lies on one side of y. Assume that f extends to a continuous function on 
U uy (ie. U UImage y), and that f(y) is contained in a proper analytic 
arc yn, such that f(U) lies on one side of y. Then f has an analytic 
continuation across ¥. 


Proof. There exist analytic isomorphisms 


oy: W, > neighborhood of y, 
Ww: W, > neighborhood of y, 


where W,, W, are open sets as illustrated on Fig. 4, neighborhoods of 
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real intervals J, and I,, respectively. These open sets are selected suffi- 
ciently small that U and f(U) lie on one side of y, y, respectively. 
Define 


g=Wiofog. 


Then g is defined and analytic on one side of the interval I,, and is also 
continuous on I, (without its end points). Furthermore g is real valued. 
Hence g has an analytic continuation by Theorem 1.1 to the other side 
of J,. The function 


wogog! 
f 
| ) = 
~ v 
—E——SOovrLU” ae Fr 
W) W2 
Figure 5 


then defines an analytic continuation of f on some open neighborhood of 
y (without its end points), as desired. 


The analytic continuation of f in Theorem 2.2 is also often called the 
reflection of f across y. 

In exactly the same way, we can extend Theorem 1.2 to a harmonic 
function. More precisely: 


Theorem 2.3. Let v be harmonic on an open set U. Let y be a proper 
analytic arc which is contained in the boundary of U, and such that U 
lies on one side of y. Assume that v extends to a continuous function on 
U uy, taking the value 0 on y. Then v extends to a harmonic function 
on some open set containing U Uy. 


We shall now give some applications. Let U be an open set, and let 
{z,} be a sequence in U. We shall say that this sequence approaches the 
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boundary of U if given a compact subset K of U there exists ng such that 
z,¢@K for all n2n,. This is the most convenient definition for the 
moment. Readers can convince themselves that this coincides with the 
naive notion of the distance between z, and the boundary approaching 0. 
For arguments showing the equivalence between the two notions, see 
Lemma 2.2 of Chapter X. 


For the next result, we need another definition. Let f: U-V be a 
continuous map (which in practice will be analytic). We define f to be a 
proper map if for every compact set K’ c V the inverse image f~'(K’) is 
compact. For instance, if f is an analytic isomorphism, then f is proper. 
Furthermore, let m be a positive integer. The map of C-C given by 
ZH+z™ 1s proper. 


Lemma 2.4. Let f:U—V be a proper analytic map. If {z,} is a 
sequence in U approaching the boundary of U, then {f(z,)} approaches 
the boundary of V. 


Proof. Given K' compact in V, let K =f '(K’). There is some ng 
such that for n =no we have z,¢K, so f(z,) ¢ K’ as desired. 


Example 1. Let f: U > D be an isomorphism of an open set with the 
unit disc. If {z,} is a sequence in U approaching the boundary of U, 
then | f(z,)| > 1 as n> oo. 


Example 2. Let f: U—H be an isomorphism with the upper half 
plane. Let {z,} be a sequence in U approaching the boundary of U. 
Then {f(z,)} approaches the boundary of H, meaning that the values 
f(z,) either come close to the real numbers of become arbitrary large in 
absolute value, i.e. | f(z,)| > 0. 


Theorem 2.5. Let f: U—-D be an analytic isomorphism. Let y be a 
proper analytic arc contained in the boundary of U and such that U lies 
on one side of y. Then f extends to an analytic isomorphism on U Uy. 


Proof. In this proof we see the usefulness of dealing with harmonic 
functions globally. Let v(z) = log|f(z)|. By Lemma 2.4, it follows that 


Jim, v(z) = 0. 


Therefore v extends to a continuous function on U taking the value 0 on 
y. By Theorem 2.3, v extends to a harmonic function on an open set 
containing UU y. But locally, in a neighborhood of a point of y, v is the 
real part of an analytic function g, which extends analytically across y. 
Choosing the imaginary constant suitably makes g an analytic con- 
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tinuation of log f(z) in a neighborhood of the point. Then e% gives the 
analytic continuation of f to UUy. By Proposition 1.3 (in its isomorphic 
form corresponding to the analytic arc y), we conclude that the analytic 
extension of f is injective on a sufficiently small open set containing U U}, 
thus concluding the proof. 


IX, §2. EXERCISES 


1. Let C be an arc of unit circle |z| = 1, and let U be an open set inside the 
circle, having that arc as a piece of its boundary. If f is analytic on U if f 
maps U into the upper half plane, f is continuous on C, and takes real values 
on C, show that f can be continued across C by the relation 


f(z) = f(l/2). 


2. Suppose, on the other hand, that instead of taking real values on C, f takes 
on values on the unit circle, that 1s, 


| f(z)| = 1 for zonC. 


Show that the analytic continuation of f across C is now given by 


F(z) = 1/f (1/2). 


3. Let f be a function which is continuous on the closed unit disc and analytic 
on the open disc. Assume that |f(z)| = 1 whenever |z|=1. Show that the 
function f can be extended to a meromorphic function, with at most a finite 
number of poles in the whole plane. 


4. Let f be a meromorphic function on the open unit disc and assume that f has 
a continuous extension to the boundary circle. Assume also that f has only a 
finite number of poles in the unit disc, and that | f(z)| = 1 whenever |z| = 1. 
Prove that f is a rational function. 


5. Work out the exercise left for you in the text, that is: 


Let W be an open neighborhood of a real interval {a, b|. Let g be analytic on W, 
and assume that g'(t) # 0 for all t € |a, b], and g is injective on |a, b]. Then there 
exists an open subset Wy of W containing |a, b| such that g is an analytic 
isomorphism of Wo with its image. 


[Hint: First, by compactness, show that there is some neighborhood of [a, 5] 
on which g’ does not vanish, and so g is a local isomorphism at each point of 
this neighborhood. Let {W,,} be a sequence of open sets shrinking to [a, b], for 
instance the set of points at distance <1/n from [a, b]. Suppose g is not 
injective on each W,. Let z, #z, be two points in W,, such that g(z,) = g(z/). 
The sequences {z,} and {z/} have convergent subsequences, to points on [a, 5]. 
If these limit points are distinct, this contradicts the injectivity of g on the real 
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interval. If these limit points are equal, then for large n, the points are close to 
a point on the real interval, and this contradicts the fact that g is a local 
isomorphism at each point of the interval.] 


6. Let U be an open connected set. Let f be analytic on U, and suppose f 
extends continuously to a proper analytic arc on the boundary of U, and this 
extension has value 0 on the arc. Show that f=0 on U. 


IX, §3. APPLICATION OF SCHWARZ REFLECTION 


We begin with a relevant example of an analytic isomorphism involving 
circles. Let C,, C, be two circles which intersect in two points z,, Zz, 
and are perpendicular to each other at these points, as shown on Fig. 6. 
We suppose that C, does not go through the center of C,. Let T be 
inversion through C,. By Theorem 5.2, Chapter VII, T maps C, on 
another circle, and preserves orthogonality. Since every point of C, 1s 
fixed under reflection, and since given two points on C, there is exactly 
one circle passing through z, and z, and perpendicular to C,, it follows 
that T maps C, onto itself. A point a on C, which lies outside C, 1s 
mapped on a point « again on C, but inside C,. Thus T interchanges 
the two arcs of C, lying outside and inside C,, respectively. 


a’ = inversion of a through C, 
a” = reflection of a through C, 


Figure 6 


For the next example, it is convenient to make a definition. Let U be 
the open set bounded by three circular arcs perpendicular to the unit 
circle, as on Fig. 7. We shall call U a triangle. We suppose that the 
circular sides of the triangle do not pass through the center. 
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Figure 7 


The remark implies that the reflection of U across any one of its 
“sides” is again a triangle, whose sides are circular arcs perpendicular to 
the unit circle. 

Take three equidistant points on the unit circle, and join them with 
circular arcs perpendicular to the unit circle at these points. The region 


Figure 8 


bounded by these three arcs is what we have called a triangle U, as 
shown on Fig. 8. 


If we invert U across any one of its sides, we obtain another triangle 
U’. 


Inverting successively such triangles, we obtain a figure such as is 
illustrated in Fig. 9. 
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Figure 9 


Let 
g.U>H and h:H+U 


by inverse analytic isomorphisms between the triangle U and the upper 
half plane. Such isomorphisms can always be found by the Riemann 
mapping theorem. Furthermore, we can always select h such that the 
three vertices z), Z,, Z,, are mapped on 0, 1, 0, respectively (why?). We 
proved in Theorem 2.5 that g can be extended continuously to the 
boundary of U, which consists of three analytic arcs. It follows that g 
maps the three arcs on the intervals 


[ —oo0, O], [0, 1], [1, oo] 


respectively, and in particular, g is real valued on each arc. 

By the Schwarz reflection principle, one may continue g analytically 
across each arc. It is not difficult to show that the union of all reflec- 
tions of the original triangle repeatedly as above is equal to the whole 
unit disc but we omit the proof. Granting this we obtain a surjective 
analytic map 

g: DC — {0, 1}. 


The inverse image of every point ze C, z #0, 1 consists of a discrete 
set of points in the disc. Readers acquainted with elementary topology 
will realize that we have constructed the universal covering space of 
C — {0, 1}. 

In the chapter on analytic continuation, we shall give a further appli- 
cation of the above construction to prove Picard’s theorem. 


CHAPTER X 


The Riemann 
Mapping Theorem 


In this chapter we give the general proof of the Riemann mapping theo- 
rem. We also prove a general result about the boundary behavior. 


X, §1. STATEMENT OF THE THEOREM 
The Riemann mapping theorem asserts: 


Let U be a simply connected open set which is not the whole plane. 
Then U is analytically isomorphic to the disc of radius 1. More pre- 
cisely, given Z, € U, there exists an analytic isomorphism 


f:U > D(, 1) 


of U with the unit disc, such that f(z))=0. Such an isomorphism is 
uniquely determined up to a rotation, i.e. multiplication by e for some 
real 0, and is therefore uniquely determined by the additional condition 


'(Zo) > 0. 


We have seen in Chapter VII, §2 that the only analytic automor- 
phisms of the disc are given by the mappings 


._ Ww 
wr>e'? ; 
1 — aw 
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where |«| < 1 and @ is real. This makes the uniqueness statement obvi- 
ous: If f, g are two analytic isomorphisms of U and D(0, 1) satisfying the 
prescribed condition, then fog ™' is an analytic automorphism of the 
disc leaving the origin fixed and having positive derivative at the origin. 
It is then clear from the above formula that fo g™ = id. 

There are two main ingredients in the proof of the theorem. First, we 
shall prove that there exist injective analytic maps of U into the disc, 
mapping a given point z, to the origin. Furthermore, the family of such 
maps is relatively compact in the sense that given a sequence in the 
family, there exists a subsequence which converges uniformly on every 
compact subset of U. 

Second, we consider the derivative f’(z,), which is bounded in abso- 
lute value. We pick a sequence {f,} in our family such that |f/(z))| 
converges to the supremum of all values |f’(z,)| for f ranging in the 
family. We then prove that there is some element f in the family such 
that | f'(z,)| 1s actually equal to this supremum, which is therefore actu- 
ally a maximum, and we prove that such a mapping f gives the desired 
isomorphism from U to D. We reduce the proof to Theorem 1.2 of 
Chapter VII, namely the Schwarz lemma for the derivative. 


X, §1. EXERCISES 


1. Let U be a simply connected open set. Let z,, z. be two points of U. Prove 
that there exists a holomorphic automorphism f of U such that f(z,) = Zo. 
(Distinguish the cases when U=C and U #C.) 


2. Let f(z) = 2z/(1 — z?). Show that f gives an isomorphism of the shaded region 
with a half disc. Describe the effect of f on the boundary. 


circle of radius ,/2, center | 


one 
‘eee 
eat ata Tn 
ones | 
"sna eae 
arate aa 


What is the effect of f on the reflection of the region across the y-axis? 
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X, §2. COMPACT SETS IN FUNCTION SPACES 


Let U be an open set. We cenote by Hol(U) the space of holomorphic 
functions on U. A subset ® of Hol(U) will be called relatively compact if 
every sequence in ® has a subsequence which converges uniformly on 
every compact subset of U, not necessarily to an element of ® itself. 
(Note: Instead of relatively compact, one sometimes calls such subsets 
normal, or normal families. The word relatively compact fits general 
notions of metric spaces somewhat better.) Recall that a subset S of 
complex numbers is called relatively compact if its closure is compact 
(closed and bounded). Such a subset S is relatively compact if and only 
if every sequence in S has a convergent subsequence. (The subsequence is 
allowed to converge to a point not in S by definition.) 

A subset ® of Hol(U) is said to be uniformly bounded on compact sets 
in U if for each compact set K in U there exists a positive number B(K) 
such that 

[f(z)| S$ BUK) ~— for all fe®, zeK. 


A subset ® of Hol(U) is said to be equicontinuous on a compact set K 
if, given €, there exists 6 such that if z, z’e K and |z — z’| < 6, then 


| f(z) — f(z’)| < e for all fe®. 


Ascoli’s theorem from real analysis states that an equicontinuous 
family of continuous functions on a compact set is relatively compact. 
We shall actually reprove it in the context of the next theorem. 


Theorem 2.1. Let ® < Hol(U), and assume that ® is uniformly bounded 
on compact sets in U. Then ® is equicontinuous on each compact set, 
and is relatively compact. 


Proof. After proving the equicontinuity, we shall use a diagonal 
procedure to find the convergent subsequence. 

Let K be compact and contained in U. Let 3r be the distance from K 
to the complement of U. Let z, z'e K and let C be the circle centered at 
z’ of radius 2r. Suppose that |z — z’| <r. We have 


1 1 zZ—2z’ 


eet A ee iniiinetenee 
— 


C-z C-2' (C—2)(C-2z')’ 


whence by Cauchy’s formula, 


f(2) — fe’) =7= 2 | KG) 


2ni Jo (S — 2)(C —z’) 


dl. 
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Therefore 


M2) Fe) < 2le—2'\Iifllxen 


where the sup norm of f is taken on the compact set K(2r) consisting of 
those ze U such that dist(z, K) <2r. This proves the equicontinuity of 
the family on K. 

Given a sequence {f,} in ®, we now prove that there exists a sub- 
sequence which converges uniformly on K by the standard proof for 
Ascoli’s theorem. Let {z;} be a countable dense subset of K. For each j, 
the sequence { f,(z;)} is bounded. There exists a subsequence {f,,} such 
that 


{Sn,1(Z1)} 


converges. There exists a subsequence {f,,.} of {f,,} such that 


{Sn,2(Z2)} 


converges. Proceeding in this manner we get subsequences f, , such that 


{Sn j(Z1) 5 ot In jlZ)} 


converge. Then the diagonal subsequence { f,,} is such that 


{San(Z;)} 
converges for each j. 
In fact, we now prove that {f,,,} converges uniformly on K. Given e, 
let 6 be as in the definition of equicontinuity. Then for some k, the 
compact set K is contained in the union of discs 


K c D(z,, 6)U-::U D(z,, 6). 
Select N such that if m, n > N, then 
\Fnyn(2Z;) — finsm(2Z;)| < € for j=1,...,k. 


Let ze K. Then ze D(z;, 6) for some i, and we get 


| fan (Z) ™ Sinm(Z)| Ss | fan (Z) ~~ Snn(2;)| + | Sun (Zi) ~ Sin.m(Zi)| 
+ | fin (Zi) ~~ Sinm(Z) |. 
The first and third term are < by the definition of equicontinuity. The 


middle term is < € by what was just proved. We have therefore obtained 
a subsequence of the original sequence which converges uniformly on K. 
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We now perform another diagonal procedure. 


Lemma 2.2. There exists a sequence of compact sets K, (s = 1,2,...) 
such that K, is contained in the interior of K,,, and such that the union 
of all K, is U. 


Proof. Let D, be the closed disc of radius s, let U be the closure of U, 
and let 


K, = set of points ze UND, such that dist(z, boundary U) = 1/s. 


Then K, is contained in the interior of K,,,. For instance, K, is con- 
tained in the open set of elements ze UX D,,, such that 


1 
dist(z, b d U) > ——. 
ist(z, boundary U) sa 


It is clear that the union of all K, is equal to U. It then follows that any 
compact set K is contained in some K, because the union of these open 
sets covers U, and a finite number of them covers K. 

Let {f,} be the original sequence in ®. There exists a subsequence 
{f,.1} which converges uniformly on K,, then a subsequence { f,.} which 
converges uniformly on K,, and so forth. The diagonal sequence 


{San} 


converges uniformly on each K,, whence on every compact set, and the 
theorem is proved. 


X, §2. EXERCISES 


Let U be an open set, and let {K,} (s=1,2,...) be a sequence of compact 
subsets of U such that K, is contained in the interior of K,,, for all s, and the 
union of the sets K, is U. For f holomorphic on U, define 


o,(f) = min(1, || fs), 


where ||f||, is the sup norm of f on K,. Define 


2 1 
a(f) =} 0 f). 


s=1 


1. Prove that o satisfies the triangle inequality on Hol(U), and defines a metric 
on Hol(U). 
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2. Prove that a sequence {f,) in Hol(U) converges uniformly on every compact 
subset of U if and only if it converges for the metric o. 


3. Prove that Hol(U) is complete under the metric o. 


4. Prove that the map ft f’ is a continuous map of Hol(U) into itself, for the 
metric o. 


5. Show that a subset of Hol(U) is relatively compact in the sense defined in the 
text if and only if it is relatively compact with respect to the metric o in the 
usual sense, namely its closure 1s compact. 


Using these exercises, you may then combine the fact that ® is equicontinuous 
in Theorem 2.1, with the usual statement of Ascoli’s theorem, without reproving 
the latter ad hoc, to conclude the proof of Theorem 2.1. 


6. Let ® be the family of all analytic functions 
f(z) =z + a,27 +4,2°4+°°° 


on the open unit disc, such that |a,| <n for each n. Show that © is relatively 
compact. 


7. Let {f,} be a sequence of analytic functions on U, uniformly bounded. Assume 
that for each ze U the sequence { f,(z)} converges. Show that {/,} converges 
uniformly on compact subsets of U. 


X, §3. PROOF OF THE RIEMANN MAPPING THEOREM 


The theorem will be proved by considering an appropriate family of 
mappings, and maximizing the derivatives at one point. We first make a 
reduction which makes things technically simpler later. We let D be the 
unit disc D(0, 1). 

Let U be a simply connected open set # C, and let z) € U. We consider 
the family of all holomorphic functions f: U — D such that f(zo) = 0 
and such that f is injective. We shall prove that this family is not empty, 
and it is uniformly bounded. We shall then prove that there exists an 
element in the family for which | f‘(zo)| is maximal in the family, and that 
this element gives the desired isomorphism of U and D. Since the only 
automorphisms of D leaving the origin fixed are rotations, we may then 
rotate such f so that f’(zo) is real and positive, thus determining f 
uniquely. We now carry out the program. We recall: 


Lemma 3.1. Let U be an open connected set. Let f: U — C be analytic 
and injective. Then f'(z) #0 for all ze U, and f is an analytic iso- 


morphism of U and its image. 


This is merely Theorem 6.4 of Chapter II. 
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Lemma 3.2. Let U be a connected open set, and let { f,} be a sequence 
of injective analytic maps of U into C which converges uniformly on 
every compact subset of U. Then the limit function f is either constant 
or injective. 


Proof. Suppose f is not injective, so there exist two points z, # Z, 
in U such that 


f(21) = f@2) = @ 


Let g, = f, —f,(z,). Then {g,} is a sequence which converges uniformly 
to 


g =f — f(z). 


Since f, 1s assumed injective, it follows that g, has no zero on U except 
at z,. Suppose that g is not identically zero, and hence not identically 
zero near Zz, since we assumed that U is connected. Then z, is an 
isolated zero of g. Let y be a small circle centered at z,. Then |g(z)| has 
a lower bound #0 on y (which is compact), and {1/g,} converges uni- 
formly to 1/g on y. By the formula of Chapter VI, §1 we know that 


0 = ord,, In = 1 | gn(Z) dz 
Y 


2ni J, 9n(Z) 


Taking the limit as n- o by Theorem 2.4 of Chapter III, we conclude 
that ord,,g = 0 also, a contradiction which proves the lemma. 


We now come to the main proof. We first make a reduction. We can 
always find some isomorphism of U with an open subset of the disc. To 


see this, we use the assumption that there exists some point «¢C and 
a¢U. Since U is simply connected, there exists a determination 


g(z) = log(z — a) 
for ze U which is analytic on U. This function g is injective, for 
g(Z;)=g(z2) > ee) =e) = 7,-a= 22 — &, 
whence z, = z,. If g takes on some value g(z,), then 


g(z) # g(Zo) + 2ni 


for all ze U, as one sees again by exponentiating. We claim that there 
exists a disc around g(z,.) + 2mi such that g takes on no value in this 
disc. Otherwise, there is a sequence w,¢U such that g(w,) approaches 
g(Zo) + 2i, and exponentiating shows that w, approaches z,), so g(w,) 
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approaches g(z,), a contradiction. Hence the function 


1 
g(z) — g(Zo) — 2ni 


is bounded on U, and is analytic injective. By a translation and multipli- 
cation by a small positive real number, we may then obtain a function f 
such that f(z.) =0 and |f(z)| <1 for all ze U. This function f is injec- 
tive, and so an isomorphism of U onto an open subset of the disc. 

To prove the Riemann mapping theorem, we may now assume with- 
out loss of generality that U is an open subset of D and contains the 
origin. Let ® be the family of all injective analytic maps 


f:U—-D 


such that f(0)=0. This family is not empty, as it contains the identity. 
Furthermore, the absolute values | f’(0)| for fe@® are bounded. This is 
obvious from Cauchy’s formula 


2nif’(0) = \@ dl 
and the uniform boundedness of the functions f, on some small closed 
disc centered at the origin. The integral is taken along the circle bound- 
ing the disc. 
Let 4 be the least upper bound of |f’(0)| for fe®. Let {f,} be a 
sequence in ® such that | f/(0)| +A. Picking a subsequence if necessary, 
Theorem 2.1 implies that we can find a limit function f such that 


If'O)| = 4, 


and | f(z)| <1 for all ze U. Lemma 3.2 tells us that f is injective, and 
the maximum modulus principle tells us that in fact, 


| f(z)| < 1 for all zeU. 


Therefore fe, and |f’(0)| is maximal in the family ®. The next result 
concludes the proof of the Riemann mapping theorem. 


Theorem 3.3. Let fe@® be such that |f'(0)| 2 \|g'(0)| for all ge®. 
Then f is an analytic isomorphism of U with the disc. 


Proof. The Schwarz lemma for the derivative, Theorem 1.2 of Chapter 
VII, provides an essential case of the present theorem, and we reduce the 
proof to that case. All we have to prove is that f is surjective. Suppose 
not. Let «¢D be outside the image of f. Let T be an automorphism of 
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the disc such that T(a) = 0 (for instance, T(z) = (a — z)/(1 — &z), but the 
particular shape is irrelevant here). Then 7 o f is an isomorphism of U 
onto an open subset of D which does not contain 0, and is simply 
connected since U is simply connected. We can therefore define a square 
root function on T(f(U)), for instance we can define 


J/T(f@) = exp(4 log T(f(2))) for ze U. 


Note that the map 
zt>,./T(f(z)) for zeU 


is injective, because if z,, z, are two elements of U at which the map 
takes the same value, then Tf(z,) = Tf(z,), whence f(z,) = f(z,) because 
T is injective, and z; = Zz) because f/f is injective. Furthermore \/ 7 ( f(U )) 
is contained in D, and does not contain 0. 

Let R be an automorphism of D which sends /T(f(0)) to 0. Then 


g: z+ R(,/Tf(2)) 


is an injective map of U into D such that g(0)=0, so ge. It suffices 
to prove that |g‘(0)| > |f’(0)| to finish the proof. But if we let S be the 
square function, and we let 


p(w) = T“'(S(R™*(w))), 
then 


f(z) = o(g(2)). 


Furthermore, g: D— D is a map of D into itself, such that g(0) = 0, and 
@ is not injective because of the square function S. By Theorem 1.2 of 
Chapter VII (the complement to the Schwarz lemma), we know that 
|o'(0)| < 1. But 


F°(0) = e'(0)9'O), 


so |g’(0)| >| f'(0)|, contradicting our assumption that |f’(0)| is maximal. 
This concludes the proof. 


X, §4. BEHAVIOR AT THE BOUNDARY 


In Chapter IX, Theorem 2.5, we have seen that the Riemann mapping 
function extends analytically to a proper analytic arc on the boundary. 
This result is sufficient for all the applications I know of, but it may be 
of interest for its own sake to consider the more general situation, so I 
include a proof of the continuous extension to more general boundaries, 
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basically due to Lindelof and Koebe. This section should normally be 
omitted from a course, but provides further reading in analytic tech- 
niques. 

We investigate the extent to which an isomorphism 


f:U-D 


of U with the disc can be extended by continuity to the boundary of U. 
There is a standard picture which shows the type of difficulty (impossi- 
bility) which can happen if the boundary is too complicated. In Fig. 1, 
the open set U consists of the interior of the rectangle, from which 
vertical segments as shown are deleted. These segments have their base 
point at 1/n for n=1, 2, .... It can be shown that for such an open set 
U there is no way to extend the Riemann mapping function by continu- 
ity to the origin, which in some sense is “inaccessible”. 


Figure 1 


On the other hand, we shall now prove that the mapping can so be 
extended under more general conditions than before. 

Throughout this section, the word curve will mean continuous curve. 
No further smoothness is needed, and in fact it is useful to have the 
flexibility of continuity to work with 


a= y(b) 


Figure 2 
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Let U be an open set, and « a boundary point. We say that « is 
accessible if given a sequence of points z,¢U such that lim z, = a, there 
exists a continuous curve 


y: [a,b] +~C 


such that y(b) =a, y(t)e U for all t 4b, and there exist t, [a,b] such 
that y(t,) =z, (in other words, the curve passes through the given se- 
quence), and a<t,<t,<:::, lim t,=b. Note that the curve lies en- 
tirely in U except for its end point. 


Theorem 4.1. Let U be simply connected and bounded, and let 
f:U-D 


be an isomorphism with the disc. If « is an accessible boundary point of 
U, then 


lim f(z) 


ze 
exists for z € U, and lies on the unit circle. 


Proof. Suppose not. Then there exists a sequence {z,} in U tending 
to a, but {f(z,)} has no limit. We find a curve y as in the definition of 
accessibility. 


Lemma 4.2. 


lim |f (y(#))| = 1. 


Proof. Suppose not. Given e there exists a sequence of increasing 
numbers s, such that |f(y(s,))}<1—e, and taking a subsequence if 
necessary, we may assume f(y(s,)) converges to some w with |w| <1 —. 
Let 

g:D-U 


be the inverse function to f. Then 
Vs) = (S(y(s,))) 


and (s,) > g(w), so y(s,) cannot tend to the boundary of U, a contradic- 
tion which proves the lemma. 


Since {f(z,)} has no limit, and since the closed disc D is compact, 
there exist two subsequences of {z,}, which we will denote by {z,} and 
{z"\. such that f(z,) tends to a point w’ on the unit circle (by the 
lemma), and f(z,) tends to a point w” #w’ on the unit circle. Let 
Z, = y(t,) and z, = y(t,). Then t,-b and t;-b by assumption, Say 
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t} < t?. By the uniform continuity of y, the image »([t,, t;]) is uniformly 
close to y(b) = a for large n. Let y, be the restriction of y to [t,, t, ]. The 
image f(y,) is a curve in D, joining f(z,)=w, to f(z;)=w,, and f(y,) 
tends to the unit circle uniformly by the lemma. The picture is as on 
Fig. 3. 


a 


Figure 3 


Let us draw rays from the origin to points on the circle close to w’, 
and also two rays from the origin to points on the circle close to w”, as 
shown on the figure. We take n sufficiently large. Then for infinitely 
many n, the curves f(y,) will lie in the same smaller sector. Passing to a 
subsequence if necessary, we may assume that for all n, the curves f(y,) 
lie in the same sector. 

As before, we let g: D— U be the inverse function to f, and we let 


h=g-4, 


so h(w) = g(w) — a for |w| < 1. Then h(f(y,)) > 0 as n> co. We wish to 
apply the maximum modulus, but we have to make an auxiliary con- 
struction of another function which takes on small values on a curve 
surrounding the whole circle of radius 1—e,. This is done as follows. 
We state a general lemma, due to Lindel6f and Koebe, according to 
Bieberbach. 


Lemma 4.3. Let h be analytic on the unit disc D, and bounded. Let w’, 
w” be two distinct points on the circle. Let {w,} and {w, be sequences 
in the unit disc D converging to w’ and w", respectively, and let w, be a 
curve joining w,, with w), such that y, lies in the annulus 


l—eE <|w| <1, 


and ¢, > 0 as n— 0. Assume that r, > 0 is a sequence tending to 0 
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such that 
|h(w)| <7, for wony,. 


Then h is identically 0. 

Proof. Dividing h(w) by some power of w if necessary, we may assume 
without loss of generality that h(0) #40. Without loss of generality, after 
a rotation, we may assume that 

w'=w, 
so w’ and w” are symmetric about the horizontal axis. We pick a large 


integer M and let L’ be the ray having angle 27/2M with the x-axis. Let 
L” be the ray having angle —27/2M with the axis, as shown on Fig. 4. 


Figure 4 


We let w, be defined on an interval [a,,b,]. Let u, be the largest 
value of the parameter such that y,(u,) is on L’, and let v, be the 
smallest value of the parameter > u, such that y,(v,) les on the x-axis. 
Then wy, restricted to [u,,v,] 1s a curve inside the sector lying between 
the x-axis and L’, and connecting the point y,(u,) with the point y,(v,). 
If we reflect this curve across the x-axis, then we obtain a curve which 
we denote by y,, joining y,(v,) with W,(u,). We let o, be the join of these 
two curves, so that o, is symmetric about the x-axis, and joins w,(u,) 
with w,(u,), passing through y,(v,), as shown on Fig. 5. 

Then the beginning and end points of a, lie at the same distance from 
the origin. (This is what we wanted to achieve to make the next step 
valid.) Let T be rotation by the angle 2x/M. If we rotate o, by T 
iterated M times, ie. take 


M-1 
G,, 10n,..-,1° —Gns 


then we obtain a closed curve, lying inside the annulus 1 — e, < |w| < 1. 
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Wn (Yn) 


L " 


Figure 5 


Finally, define the function 


h*(w) = h(w)h(w), 
and the function 


G(w) = h*(w)h*(Tw) ... h*(T™~*w). 


Let B be a bound for |h(w)|, we D. Each factor in the definition of G is 
bounded by B?. For any w on the above closed curve, some rotation 
T*w lies on o,, and then we have 


|h*(w)| S 7,B. 
Therefore G is bounded on the closed curve by 
|G(w)| S$ 1r,B?"™". 


For each ray L from the origin, let w, be the point of L closest to the 
origin, and lying on the closed curve. Let W be the union of all seg- 
ments [0, w,] open on the right, for all rays L. Then W is open, and the 
boundary of W consists of points of the closed curve. By the maximum 
modulus principle, it follows that 


|G(0)| < max|G(w)|, 
where the max is taken for w on the closed curve. Letting n tend to 


infinity, we see that G(0)=0, whence h(0)=0, a contradiction which 
proves the lemma, and therefore also the theorem. 
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Theorem 4.4. Let U be bounded. Let f: U > D be an isomorphism with 
the disc, and let ~,, «, be two distinct boundary points of U which are 
accessible. Suppose f extended to a, and a, by continuity. Then 


F(&1) # f(a). 
Proof. We suppose f(a,) = f(a,). After multiplying f by a suitable 
constant, we may assume f(a;) = —1. Let 
g.D—>U 


again be the inverse function of f. Let y,, y, be the curves defined on an 
interval [a,b] such that their end points are a,, «,, respectively, and 
y(t)e U for i= 1, 2 and te[a,b], t#b. There exists a number c with 
a<c<b such that 

ly) — yr) > glay — awl, if c<t<b, 


and there exists 6 such that 


f(ri(fa,c])) and f(y, (La, €])) 
do not intersect the disc D(—1, 6) as shown on Fig. 6. Let 


A(6) = DA D(—1, 6). 


Figure 6 


Then A(d) is described in polar coordinates by 


Osrsd and —o(r) <A eQ(r) 
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with an appropriate function g(r). Note that g(r) < 2/2. We have: 


Area g(A(6)) = | | \g'(z)|? dy dx 


A(6) 


6 (g(r) 
= | | lg'(—1 + re”) |?r dé dr. 


0 J g(r) 


For each r < 0 let w,, w, be on f(y,), f(y2), respectively, such that 


Iw, + ll =r, i= 1, 2, 
and 


lg(w,) — g(w)| > zla, — |. 
Then 


Ww2 


g(w,) — g(w2) = | g’, 


Wi 


where the integral is taken over the circular arc from w, to w, in D, with 
center —1. For 0<r<o0 we get 


g(r) 
3|%, — a2| < | lg'(—1 + re”) |r dO, 


—(r) 


whence by the Schwarz inequality, we find 


uo. —o 2 g(r) 
lotr = al” <r | lg (—1 + re’®)|* dé. 


Aznr or) 


We integrate both sides with respect to r from 0 to 6. The right-hand 
side is bounded, and the left-hand side is infinite unless «, = a,. This 
proves the theorem. 


The technique for the above proof is classical. It can also be used to 
prove the continuity of the mapping function at the boundary. Cf. for 
instance Hurwitz—Courant, Part III, Chapter 6, §4. 


CHAPTER XI 


Analytic Continuation 
Along Curves 


In this chapter we give further means to extend the domain of definition 
of an analytic function. We shall apply Theorem 1.2 of Chapter III in 
the following context. Suppose we are given an analytic function f of an 
open connected set U. Let V be open and connected, and suppose that 
Uc V is not empty, so is open. We ask whether there exists an analytic 
function g on V such that f= g on UY, or only such that f(z) = g(z) 
for all z in some set of points of UNV which is not discrete. The 
above-mentioned Theorem 1.2 shows that such a function g if it exists is 
uniquely determined. One calls such a function g a direct analytic contin- 
uation of f, and we also say that (g, V) is a direct analytic continuation of 
(f, U). We use the word “direct” because later we shall deal with ana- 
lytic continuation along a curve and it is useful to have an adjective to 
distinguish the two notions. For simplicity, however, one usually omits 
the word “direct” if no confusion can result from this omission. If a 
direct analytic continuation exists as above, then there is is unique ana- 
lytic function h on UU V such that h = f on U and h=g on V. 

In the case of Schwarz reflection, the two sets have a common bound- 
ary curve. We studied this situation in Chapter IX. 

In a final application, we shall put the Riemann mapping theorem 
together with Schwarz reflection to prove Picard’s theorem, which fol- 
lows conceptually in a few lines, once this more extensive machinery is 
available. 


XI, §1. CONTINUATION ALONG A CURVE 


Let Do be a disc centered at a point z ). Let y be a path whose begin- 
ning point is Zz) and whose end point is w, and say y is defined on the 
interval [a,b]. In this section, smoothness of the path plays no role, and 
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“path” will mean continuous path. Let 
ad=da)S$a,8$a,85°''S4,,,=5b 


be a partition of the interval. Let D, be a disc containing y(a;) as shown 
on Fig. 1. Instead of discs, we could also take convex open sets. The 
intersection of two convex sets is also convex. Actually, what we shall 
need precisely is that the intersection of a finite number of the sets 
Do,.--,D, 1s connected if it is not empty. 


Figure 1 


We shall say that the sequence 
{Do, Dy, ..-,D,} 


is connected by the curve along the partition if the image y([a;, a;,,]) is 
contained in D;. Then the intersection D, 7 D;,, contains y(q;,,). 

Let fo be analytic on Do. By an analytic continuation of (f/,, D,.) along 
a connected sequence [D,,...,D,,| we shall mean a sequence of pairs 


(fo> Do), (fi, D,), .° (Sus D,,) 


such that (/;,,, D;,,) is a direct analytic continuation of (f;, D,) for i= 
0, ...,.2—1. This definition appears to depend on the choice of partition 
and the choice of the connected sequence {Dy,...,D,$. We shall prove in 
the next theorem that it does not depend on these choices. Thus we 
shall obtain a well-defined analytic function in a neighborhood of the end 
point of the path, which is called the analytic continuation of (/), Do) 
along the path y. As a matter of notation, we may also denote this 
function by f,. 


Theorem 1.1. Let (go, Eo), «-+3(Gms Em) be another analytic continuation 
of (Go, Eo) along a connected sequence {Eo,...,E,,} with respect to a 
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partition of the path y. If fy = Qo in some neighborhood of 2Z,, then 
Gm = J, in some neighborhood of y(b), so (g,,E,,) is a direct analytic 
continuation of (f,, D,). 


Proof. The proof that the analytic continuation does not depend on 
the choices of partition and discs or convex sets will be similar to that 
used in Chapter III, §4, when we dealt with the integral along a path. 
The proof here is equally easy and straightforward. 

Suppose first that the partition is fixed, and let 


(Jo, Eo), cee (n> E,) 


be an analytic continuation along another connected sequence 


{Eo,...,En}- 


Suppose gy = fo in a neighborhood of z), which means that (g), E,) is a 
direct analytic continuation of (f>, Dy). Since Dy ME, is connected it 
follows that f/f) = go on the whole set Do 1 £, which also contains 2). 
By hypothesis, f, = fo on Do) OD, and g,; =go on EygnE,. Hence f, = 
g, On DJ NEgaD, o£, which contains z,. Since D, 7 E, is connected, 
it follows that f, =g, on D,N£,. Thus (g,,£,) is a direct analytic 
continuation of (/,, D,). We can now proceed by induction to see that 
(g,, E,) is a direct analytic continuation of (f,, D,), thus concluding the 
proof in this case. 

Next let us consider a change in the partition. Any two partitions 
have a common refinement. To show the independence of the partition it 
suffices to do so when we insert one point in the given partition, say we 
insert c in the interval [a,, a,,,] for some k. On one hand, we take the 
connected sequence 

{Do, --->Dy, Dy, ---,D,}; 


where D, is repeated twice, so that y([a,,c]) < D, and y([c, a,4,]) < D,. 
Then 


(fo; Do), os (Sk D,), (fis D,), aie (n> D,) 


is an analytic continuation of (f9, Dp) along this connected sequence. On 
the other hand, suppose that 


(Jo, Eo), see (9x: E,), (gf. Es), see (Dns E,) 


is an analytic continuation of (g 9, E,) along another connected sequence 
{Eo,...,E,, Ex, ...,E,} with respect to the new partition, and g, = fy in 
some neighborhood of z,. By the first part of the proof, we know that 
(g,, E,) is a direct analytic continuation of (f,, D,). By hypothesis, g¥ is 
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equal to g, on E, VN Ef, f, = 9, on D, A E,, so 
gf =f, on DOE, AEF, which contains zf = y(c). 


Therefore (g*, Ej*) is a direct analytic continuation of (f,, D,). Again we 
can apply the first part of the proof to the second piece of the path 
which is defined on the interval [a,,,,a@,4,], with respect to the partition 
[Ap+1> Ap+25 -++sd,_4,} to conclude the proof of the theorem. 


Example. Let us start with the function log z defined by the usual 
power series on the disc D, which is centered at 1 and has radius < 1 
but > 0. Let the path be the circle of radius 1 oriented counterclockwise 
as usual. If we continue log z along this path, and let (g, D) be its 
continuation, then near the point 1 it is easy to show that 


g(z) = log z + 2zi. 
Thus g differs from f, by a constant, and is not equal to f, near z, = 1. 


Example. Let 
f(z) _ eft /2}log z. 


where f is defined in a neighborhood of 1 by the principal value for the 
log. [We could write f(z) = Jz in a loose way, but the square root sign 
has the usual indeterminacy, so it is meaningless to use the expression 
Jz for a function unless it is defined more precisely.] We may take the 
analytic continuation of f along the unit circle. The analytic continua- 
tion of log z along the circle has the value 


log z + 2ni 


near 1. Hence the analytic continuation of f along this circle has the 


value 
g(z) _ eft /2)log z+ 2x1) _ — ef t/2)log z — — f(z) 


for z near 1. This is the other solution to the equation 


f(zy =z 


near 1. If we continue g analytically once more around the circle, then 
we obtain f(z), the original function. 


Remark. In some texts, one finds a picture of the “Riemann surface” 
on which “f(z) = Jz” is defined, and that picture represents two sheets 
crossing themselves, and looking as if there was some sort of singularity 


326 ANALYTIC CONTINUATION ALONG CURVES [XI, §1] 


at the origin. It should be emphasized that the picture is totally and 
irretrievably misleading. The proper model for the domain of definition 
of f(z) is obtained by introducing another plane, so that the correspon- 
dence between f(z) and z is represented by the map 


CC 


given by (++C?. The association (++(? gives a double covering of C by 
C at all points except the origin (it is the function already discussed in 
Chapter I, §3). On every simply connected open set U not containing 0, 
one has the inverse function ¢ = z'/*, ze U. 

More generally, let P be a polynomial in two variables, P = P(T,, T,), 
not identically zero. A solution (analytic) f(z) of the equation 


P( f(z), z) =0 


for z in some open set is called an algebraic function. It can be shown 
that if we delete a finite number of points from the plane, then such a 
solution f can be continued analytically along every path. Furthermore, 
we have the following theorem. 


Theorem 1.2. Let P(T,, T,) be a polynomial in two variables. Let y be 
a curve with beginning point Zz) and end point w. Let f be analytic at 
Zo, and suppose that f has an analytic continuation f, along the curve 
y. If 

P(f(z),z)=90 for znear Zo, 
then 


P(f,(z),z) =0 for z near w. 


Proof. This is obvious, because the relation holds in each successive 
disc Do, D,, ...,D,, used to carry out the analytic continuation. 


Theorem 1.3 (Monodromy Theorem). Let U be a connected open set. 
Let f be analytic at a point Zz) of U, and let y, n be two paths from 2, 
to a point w of U. Assume: 


(i) y is homotopic to n in U. 
(11) f can be continued analytically along any path in U. 


Let f,, f, be the analytic continuations of f along y and n, respectively. 
Then f, and f, are equal in some neighborhood of w. 


Proof. The proof follows the ideas of Lemma 4.3 and Theorem 5.1 of 
Chapter III. Let 
Ww: [a,b] x [c,d] ~U 


be a homotopy so that if we put y,(t) = W(t, u), then y= y, and 7 = y. 
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Then we have: 


Lemma 1.4. For each ue[c,d], if u’ is sufficiently close to u, then a 
continuation of f along y, is equal to a continuation of f along ¥,. in 
some neighborhood of w. 


Proof. Given a continuation along a connected sequence of discs or 
convex open sets 


(fo: Do), (Sa D,,) 


along y,, connected by the curve along the partition, it is immediately 
verified that if u’ is sufficiently close to u, then this is also a continuation 
along y, (by the uniform continuity of the homotopy w). In Theorem 
1.1, we have seen that the analytic continuation along a curve does 
not depend on the choice of partition and Dy, ...,D,. This proves the 
lemma. 


To finish the proof, define two paths, «, B from zo to w to be f- 
equivalent if f, and f, are equal in some neighborhood of w. Let S be the 
set of points ue [c, d| such that y, and y, are f-equivalent. We claim that 
S =|c,d]|, which implies the theorem. Note that ceS so S is not 
empty. By Lemma 1.4, S is open in [c, d]. We show that S is closed in 
[c, d|. Let we [c, d] be in the closure of S. Then there exist points u’ e S 
close to u, so again by Lemma 1.4, y, is f-equivalent to y,,, so y, 1s 
f-equivalent to y,. Since [c, d] is connected, it follows that S = [c, d], as 
was to be shown. 


Remark. The proof of Theorems 5.1 and 5.2 in Chapter III could also 
have been formulated in terms of an equivalence, namely that the integrals 
of f along the two paths are equal. Lemmas 4.3 and 4.4 of Chapter III 
play the role of Lemma 1.4 used here. We presented both variations of 
the argument to illustrate different intuitions of the situation. 


Theorem 1.5. Let U be a simply connected open set. Let zo) € U, and let 
f be analytic at zo. Assume that f can be continued along any path from 
Zo to any point in U. Let y, be a path from zo to a point z in U, and let 
f,,(z) be the analytic continuation of f along this path. Then f(z) is 
independent of the path from zo to z, and the association z+ f, (z) defines 
an analytic function on U. 


Proof. Suppose we have shown the independence from the path. Let 2, 
be some point in U and let z be a variable point in a disc centered at 21. 
Then the analytic continuation of f from zp to z may be first taken from 
zy to z; along some path, and then we take the continuation on the disc 
centered at z;, which shows the analyticity. So it remains to deal with the 
independence from the path, which is a consequence of the following 
lemma, combined with Theorem 1.3. 
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Lemma 1.6. Let U be simply connected. Let y, n be two paths in U from 
a point zy to a point z,. Then there is a homotopy in U between the two 
paths, leaving the end points zo, 2; fixed. 


Proof. The arguments are routine. Cf. my Undergraduate Analysis, 
Second Edition, Springer-Verlag, 1997, Chapter XVI, §6, especially 
Theorem 6.4 and Proposition 6.6. These arguments do not involve 
complex analysis but merely juggling with homotopies which require being 
written down, or at least being clearly shown on pictures. We let readers 
look the matter up in the above reference, or work it out for themselves as 
an exercise. 


We now return to the analytic continuation, and the use of discs or 
other sets as in Lemma 1.4. Although for the general theory one thinks of 
Do,...,Dn as small discs, because the open set U may have a complicated 
shape and the curve may wind around a lot, in practice the set U may be 
much simpler. 


Example. Let U be obtained from C by deleting the origin. Let f be 
an analytic function on the upper half plane. We want to continue the 
function along all curves in U. Then we might choose only four sets Eg, 
E,, E,, E;, which are the upper half plane, left half plane, lower half 
plane, and right half plane, respectively. The intersection of two succes- 
sive sets is a quarter plane. 


Example. Let g be an analytic function on a connected open set U. 
We do not assume that U is simply connected. Let z9eU. Let fp be a 
primitive of g in some disc containing z), which we may choose to be 


fol2) = | * g(t) de, 


Zo 


where the integral is taken along any path from zy, to z inside the disc. 
Then fy can be analytically continued along any path in U, essentially by 
integration along the path. For instance let y be a path, and let z, be a 
point on y. Say 


y: [a,b] > U, with y(a) = Zp, 


and z, = (c) with a<c<b. Then we can define f, in a neighborhood 
of z, by taking the integral of g along the path from Zz, to z,, that 1s 
along the restriction of y to the interval [a,c], and then from z, to z 
along any path contained in a small disc D containing z,, as illustrated 
in Fig. 2. 

In Fig. 2, we have drawn U with a shaded hole, so U is not simply 
connected. The monodromy theorem applies to this situation. 
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Figure 2 


A concrete case can be given as follows. Let R(z) be a rational 
function, that is a quotient of polynomials. We can factor the numerator 
and denominator into linear factors, say 


ai = 2) eo) 
(z — b,) +--+ (2 — by) 

Then R has poles at b,, ...,b,, (which we do not assume all distinct). Let 

U be the plane from which the numbers b,, ...,b, are deleted. Then U is 

connected but not simply connected if m2 1. We can define the integral 


along a path from Zz, to z. This integral depends on the path, and in 
fact depends on the winding numbers of the path around the points 
Dis 94D 


Example. The preceding example can be generalized, we do not really 
need g to be analytic on U; we need only something weaker. For 
instance, let U be the plane from which the three points 1, 2, 3 have been 
deleted. Then for any simply connected open set V in U, there is a 
function 


[(z — Ye — 2)(z ~ 3)}”, 


ie. a square root of (z — 1)(z — 2)(z — 3), and any two such square roots 
on V differ by a sign. Starting from a point Z, in U, let 


ec ee 
Jo” Te — De — De — 3)?’ 
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where the square root is one of the possible determinations analytic in a 
neighborhood of z). Then we can form the integral 


| " go(C) al, 


Zo 


along any path in U from zy, to z. The integral will depend on the path, 
but the mondromy theorem applies to this situation as well. 


We end this section with an important special case of the monodromy 
theorem, which is the one to be used in §3. 


Theorem 1.7. Let U be a simply connected open set. Let f be analytic at 
a point zo and assume that f can be continued along every path from Zo to 
every point in U. Then the analytic continuation of f along a path from 
Zo to a point w is independent of the path, and defines an analytic 
function on all of U. 


Proof. This is a special case of Theorem 1.3, because two paths from Zo 
to w are homotopic. 


XI, §1. EXERCISES 


1. Let f be analytic in the neighborhood of a point zp). Let k be a positive 
integer, and let P(7;,...,7,) be a polynomial in k variables. Assume that 


P(f, Df, ...,D*f) = 0, 


where D = d/dz. If f can be continued along a path y, show that 
P(f,, Df,,...,D*f,) = 0. 


2. (Weierstrass). Prove that the function 


f(z) = diz" 


cannot be analytically continued to any open set strictly larger than the unit 
disc. [Hint: If z tends to 1 on the real axis, the series clearly becomes infinite. 
Rotate z by a k-th root of unity for positive integers k to see that the function 
becomes infinite on a dense set of points on the unit circle.] 


3. Let U be a connected open set and let u be a harmonic function on U. Let D 
be a disc contained in U and let f be an analytic function on D such that 
u = Re(f). Show that f can be analytically continued along every path in U. 


4. Let U be a simply connected open set in C and let u be a real harmonic 
function on U. Reprove that there exists an analytic function f on U such 
that u = Re(f) by showing that if (fo, Do) is analytic on a disc and Re(fo) =u 
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on the disc, then (fo, Do) can be continued along every curve in U. [Note: 
The result was proved as Theorem 3.1 of Chapter VIII.] 


XI, §2. THE DILOGARITHM 


For |z| < 1 we define the function 


gn 


log = 2) —2)_ 


fl) = - =) 


This function is holomorphic at 0. Let now z #0 and let y be a path 
in C — {0,1} except for the beginning point at 0. We then have an 
analytic continuation f,(z), which depends on y. Since the continuation 
of log(1 — z) picks up a constant of integration after integrating around 
loops around 1, it follows that the analytic continuation of f may have a 
pole at 0, with residue an integral multiple of 27i. Instead of integrating 
along paths starting at 0, we can use a slightly arbitrary device of picking 
some point, say 1/2, and defining f by analytic continuation from 1/2 to 
z, along paths y from 1/2 to z in C — {0, 1}. 
The dilogarithm is defined for |z| < 1 by the integral and power series 


z" 
na? 


La= | foae= 3 


and is defined by analytic continuation in general, so we get a function 
L,,(z) for each path y as above. We may write 


La,@)=-| tog, 0%, 
0,7 C 
Let U be the simply connected set obtained by deleting the set of real 
numbers 2 1 from C. Then for ze U, the function f,(z) is independent of 
the path y in U, and may still be denoted by f. It is analytic. 

However, we are interested in the analytic continuation L, , in general, 
and whatever problem arises has to do with the argument, which we now 
work out. 


Theorem 2.1. For z #0, 1 the function 
z++ D,(z) = Im L,,(z) + arg,(1 — z) log|z| 
is independent of the path y in C — {0, 1}. 


Sketch of Proof. We proceed in steps. 
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First, if y is homotopic to y in C — {0, 1} then D, = D,. 
Indeed, we have separately that arg,(1 — z) = arg,(1 — z) and 
L, (2) = L, (2) 


because we can reduce these equalities to the case when the paths are 
close together, and to a local question in a small disc as usual. 


Second, if n differs from y by a loop winding once around 1, then 
arg,(1 — z) = arg,(1 — z) + 2n. 


This is immediate. 


Figure 3 


Third, suppose that 7 is homotopic to a path as shown in Fig. 3, so 
again differs from y by a loop winding once around 1. We prove that 
D, = D, by a computation of the integral. We may assume that y, is 
contained in a small disc centered at 1. Then using the principal branch 


of (log(1 — ¢))/E we get: 


log(1 — £) are ¢) 
je a re i-a-9% 


-| ern 


n=0 


oO (1 — z)n*} 21 a (1 —¢)" 
b ts] = log(1 — 
[by parts] = — ¥¥ “7 tog — 2 "4 [ $ooe et 
— 
= () 


= log(z) log(1 — z)|_ 


21571 


= (271) log,,(z,) (where log,, is the principal value of log). 
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Two analytic continuation of (log(1 — ¢)/C) in a neighborhood of 1 differ 
by m2zi/¢ for some integer m. Further, as we have seen, the argument of 
any branch of log(! — ¢) changes by 27 after continuation along y,. 
Therefore 


| Oa | eat + (ni) + (Oni logpr(Z1) 


—L, ,(z) + (2ni)(log|z| + m2zi) with some me Z 
—L, ,(z) + (2ni) log|z| — (22)?m. 


But the left-hand side of this equality is —L,,(z), so the proof of Theo- 
rem 2.1 is concluded, since (27)?m is real. 


The case when the two paths y and y differ by a loop around 0 can 
be carried out similarly. We omit this. We also omit a complete proof 
that any path is homotopic to one which is obtained by a combination 
of the above two types. We merely wanted to give a non-trivial example 
of analytic continuation along a path. 


The function D(z) is called the Bloch—-Wigner function. The diloga- 
rithm occurs in classical analysis, see for instance [Co 35] and [Ro 07]. 
The function D, which does not depend on the path, was discovered 
by David Wigner, and used extensively by Spencer Bloch and others 
in algebraic geometry and number theory, in fancy contexts. See, for 
instance, [Bl 77], [Za 88], [Za 90], [Za 91]. 
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XI, §2. EXERCISES 


1. We investigate the analytic continuation of the dilogarithm for the curves 
illustrated in Fig. 4. Let z, = 1/2. 


1 


Nop 


~ 
4 


i) 
No| = 
~~ 
(el) 
c=) 


(a) (b) 
Figure 4 


(a) Let », be a curve as shown on Fig. 4(a), circling 1 exactly once. How 
does the analytic continuation of L, along y, differ from L, in a neigh- 
borhood of z,? 

(b) How does the analytic continuation of L, along the path y, on Fig. 4(b) 
differ from L,? 

(c) If you continue L, first around y) and then around y,, how does this 
continuation differ from continuing L, first around y, and then around 
Yo? [They won’t be equal! ] 


2. Let D be the Bloch—Wigner function. 
(a) Show that D(1/z) = —D(z) for z #0, and so D extends in a natural way 
to a continuous function on C uv {oo}. 
(b) Show that D(z) = —D(1 — z). 


3. For k 2 2 define the polylogarithm function 


gf 
= for |z| < 1. 


Lx) = Y, 


n 


Show that for every positive integer N, 
L,(z*)=N*" ¥' Ly (Cz) 
(N=1 


where the sum is taken over all N-th roots of unity ¢. [Hint: Observe that if ¢ 
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is an N-th root of unity, ¢ 4 1, then 


1—-¢% 


r= 


L+C+--4+0"" = 


4. Prove the relation 
[] @-¢x)=1- x", 


(N=1 


where the product is taken over all N-th roots of unity ¢. 


For other examples of such relations, see Chapter XV, formula I 8 of §2, and 
the exercise of Chapter XV, §3. 


XI, §3. APPLICATION TO PICARD’S THEOREM 


We return to the Schwarz reflection across circular triangles in the disc 
as in Chapter IX, §3, and we follow the notation of that section. Thus 
we have inverse isomorphisms 


g.U-H and h:H > U, 


where U is the triangle. We could continue g analytically by reflection, 
but vice versa, one may continue h analytically across each interval, by 
reflection across the sides of the triangle. If h, denotes the analytic 
continuation of h along any path y not passing through 0, 1, then for 
any z on the real line, z #0, 1 we have h,(z) on the side of some iterated 
reflection of the original triangle. For any complex number z 4 0, 1 the 
value h,(z) lies inside the unit disc D. 


Picard’s Theorem. Let f be an entire function whose values omit at 
least two complex numbers. Then f is constant. 


Proof. After composing f with a linear map, we may assume that the 
omitted values are 0, 1. Without loss of generality, we may assume that 
there is some z, such that f(z.) lies in the upper half plane. (Otherwise, 
we would proceed in a similar manner relative to the lower half plane.) 
The analytic function h(f(z)) for z near z) maps a neighborhood of z 
inside U. We may continue this function ho f analytically along any 
path in C, because f may be so continued, and the image of any path in 
C under f is a path which does not contain 0 or 1. Since C is simply 
connected, the analytic continuation of ho f to C is then well defined 
on all of C, and its values lie in the unit disc, so are bounded. By 
Liouville’s theorem, we conclude that ho f is constant, whence f is con- 
stant, which proves the theorem. 
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Remark. The crucial step in the proof was the use of the functions g 
and h. In classical times, they did not like functions defined essentially 
in an “abstract nonsense” manner. The situation of the triangle is so 
concrete that one might prefer to exhibit the desired functions explicitly. 
This can be done, and was done in Picard’s original proof. He used the 
standard “modular function” denoted classically by 4. Its properties and 
definition follow easily from the theory of elliptic functions. Cf. for in- 
stance my book on Elliptic Functions, [La 73] Chapter 18, §5. It is 
usually easier to deal with the upper half plane rather than the unit disc 
in such concrete situations, because the upper half plane is the natural 
domain of definition of the classical modular functions. 


PART THREE 


Various Analytic Topics 


This final part deals with various topics which are not all logically 
interrelated. For the most part, these topics involve analytic estimates, 
and the study of entire or meromorphic functions, and their rates of 
growth such as Jensen’s formula. We give examples of special func- 
tions, for instance, elliptic functions, the gamma function, and the zeta 
function. I recommend the classical British texts for other special func- 
tions (e.g. Bessel functions, hypergeometric functions), including Copson, 
Titchmarsh, and Whittaker—Watson, listed in the Bibliography at the end 
of this book. 

The final chapter on the prime number theorem can be used for 
supplementary reading, partly because of the intrinsic interest of the 
theorem itself, and partly because it shows how complex analysis con- 
nects with number theory. In particular, the proof of the prime number 
theory involves a very striking application and example of the calculus of 
residues. 
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CHAPTER XI 


Applications of the Maximum 
Modulus Principle and 
Jensen's Formula 


We return to the maximum principle in a systematic way, and give 
several ways to apply it, in various contexts. 

We begin the chapter by some estimates of an analytic function in 
terms of its zeros. Then we give the more precise exact relationship of 
Jensen’s formula. This formula has a remarkable application to an old 
proof by Borel of Picard’s theorem that an entire function omits at most 
one value. This application has been overlooked for many decades. I 
think it should be emphasized in light of the renewed importance of 
extensions of Jensen’s formula by Nevanlinna. 

The remainder of the chapter consists of varied applications, somewhat 
independent of each other and in various contexts. 

One of the most striking applications omitted from standard courses, 
is to the problem of transcendence: Given some analytic function, de- 
scribe those points z such that f(z) is an integer, or a rational number, or 
an algebraic number. This type of question first arose at the end of 
the nineteenth century, among analysts in Weierstrass’ school (Stackel, 
Strauss). The question was again raised by Polya, and Gelfond recog- 
nized the connection with the transcendence problems. See the books on 
transcendence by, for instance, Baker, Gelfond, Lang, Schneider, in the 
Bibliography. In order not to assume too much for the reader, we shall 
limit ourselves in this chapter to the case when the function takes on 
certain values in the rational numbers. The reader who knows about 
algebraic numbers will immediately see how to extend the proof to that 
case. 
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Xll, §1. JENSEN’S FORMULA 


The first result gives an inequality involving the zeros of a function and 
its maximum modulus. 


Theorem 1.1. Let f be holomorphic on the closed disc of radius R, and 
assume that f(0) #0. Let the zeros of f in the open disc be ordered by 
increasing absolute value, 


215 225 «0+5ZNy 
each zero being repeated according to its multiplicity. Then 


If llr 


OLS Sy 


[2422 °"* Zyl. 
Proof. Let 


N 
g(z) = ]] Rar) and F(z) 12). 


Then the function F is holomorphic on the closed disc of radius R, and 
IF(z)| = |f(2)| when |z| = R. 
Hence the maximum modulus principle implies that 
IF(Z)| S\lflle for |z| SR, 


and the theorem follows by putting z = 0. 


The theorem is known as Jensen’s inequality. Let v(r) be the number 
of zeros of f in the closed disc |z| <r. Then 


Y logiR/lal)= > | = | 2) ay 


o |Ux 


Hence we obtain another formulation of Jensen’s inequality, 


| 0) dx $ loglifln — log| f(0) 


In many applications, the estimate given by Jensen’s inequality suffices, 
but it is of interest to get the exact relation which exists between the 
zeros of f and the mean value on the circle. 

We begin with preliminary remarks. Let us assume that f is mero- 
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morphic on the closed disc Dp (centered at the origin). Then f has only 
a finite number of zeros and poles on this disc. For a € Dz we abbreviate 


n (a) = ord,(f). 


Observe that n,(a) = 0 except for the finite number of possibilities that f 
has a zero of pole at a. Thus we may form the sum 


R 
Sy nj(a) log —, 
ae Dr |a| 
a#0 


where the sum is taken over all elements ae Dp and a #0. The sum is 
really a finite sum, since only a finite number of terms are # 0. 

We omitted the term with a = 0 because we cannot divide by zero, so 
we have to deal with this term separately. For this purpose, we consider 
the power series expansion of f at 0, and we let c, be its leading 
coefficient: 

f(z) = c,z™ + higher terms. 


We assume f is not constant, and so c; #0. Thus f has order m at 0, 
and we have n,(0) =m. If f has no zero or pole at 0, then c, = f(0). 

Even though f may have zeros or poles on the circle of radius R, we 
shall prove in a subsequent lemma that the improper integral 


| Jogi f(Re®)| do 


0 
converges. We may then state the main theorem of this section. 


Theorem 1.2 (Jensen’s Formula). Let f be meromorphic and not con- 
stant on the closed disc Dg. Then 


2 
‘i 9, , 40 la| 1 
id _ 
| log| f(Re”’)| x + »» ny (a) log R + ng (0) log Ro log|c|. 
a#0 


In particular, if f has no zero or pole at 0, then the right side is equal to 
the constant log|f (0). 


Proof. Suppose first that f has no zeros or poles in the closed disc 
|zZ| < R. Then log f(z) is analytic on this disc, and 


l 2x _. d0 
log f(0) == | , °8 f 2) a = | log f(Re®) —. 


0 2n 


Taking the real part proves the theorem in this case. 
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Next, suppose f(z)=z. Then log|f(Re’’)| =log R and n,(0) = 1, so 
that the left side of Jensen’s formula is equal to 0. But c,=1, so the 
right side of Jensen’s formula is 0 also, and the formula is true. 

Let « be a complex number #0. We shall now prove Jensen’s for- 
mula for the function 


f(z)=z—a, where a =ae', 


with O<a<R. In this case, | f(0)| =|o«| =a, and the formula to be 
proved is 


1 [77 . . 
log R = = \ log|Re”® — ae'®| dé. 


It will therefore suffice to prove: 


2n 


Lemma 1.3. If 0<a<R, then | log 


0 


do = 0. 


eis _ © Bie 
R 


Proof. Suppose first a< R. Then the function 


oe(1 — a2] 


Z 


is analytic for |z| <1, and from this it is immediate that the desired 
integral is 0. Next suppose a = R, so we have to prove that 


2n 
(*) | log|1 — e'*| dd = 0. 


0 


To see this we note that the left-hand side is the real part of the complex 
integral 
dz 
log(1 _ r4) 8: 
C iz 


taken over the circle of radius 1, z =e", dz =ie!®. Let y(e) be the con- 
tour as shown on Fig. 1. 
For Re z < 1 the function 
log(1 — z) 
z 
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ve) 


Figure 1 


is holomorphic, and so the integral is equal to 0: 


log(1 — 
| eae = 0 
y(e) Z 


The integral over the small indented circular arc of radius e€ is bounded 
in absolute value by a constant times « log «, which tends to 0 as e€ tends 
to 0. This proves (*), settling the present case. 

We have now proved Jensen’s formula in special cases, and the general 
case can be deduced as follows. Let 


h(z) = f(z) [] @-a"™. 


ae D, 


We have multiplied f by a rational function which cancels all the zeros 
and poles, so h has no zero and pole on Dz. We can also write 


f(z) =h) T] @— a. 


ae Dr 


Thus we can go from h to f in steps by multiplication or division with 
factors of the special type that we considered previously, and for which 
we proved Jensen’s formula. Therefore, to conclude the proof, it will 
suffice to prove: 


If Jensen’s formula is valid for a function f and for a function g, then 
it is valid for fg and for f/g. 


344 APPLICATIONS OF THE MAXIMUM MODULUS PRINCIPLE [XII, $1] 


This is easily proved as follows. Let LS(f) be the left side of Jensen’s 
formula for the function f, and let RS(f) be the right side, so RS(f) = 
log|cy|. We note that for two meromorphic functions f, g we have: 


LS(fg) = LS(f)+LS(g) = and ~—RS( fg) = RS(f) + RS(g). 


This is immediately verified for each term entering in Jensen’s formula. 
For example, we have 


log| fg| = log| f| + log|g| and similarly for the integral; 


Npg(a) = n,(a) + n,(a); 


Chg = Cply so that log|c,,| = log|c,| + log|c,]|. 


We also have at once that LS(f~!) = —LS(f) and RS(f~') = —RS(f), 
because this relationship for the inverse of a function is also true for each 
term. From this formalism, it follows that if Jensen’s formula is valid for 
f(z) and for (z — a), then it is valid for f(z)(z — a) and for f(z)/(z — a). 
Starting with h(z) we may then multiply and divide successively by fac- 
tors of degree 1 to reach f. This concludes the proof of Theorem 1.2. 


XII, §1. EXERCISES 


1. Let f be analytic on the closed unit disc and assume |/f(z)| < 1 for all z in this 
set. Suppose also that f(1/2) = f(i/2) = 0. Prove that | f(0)| < 1/4. 


2. Let f be analytic on a disc D(z,, R), and suppose f has at least n zeros in a 
disc D(z), r) with r < R (counting multiplicities). Assume f(z.) # 0. Show that 


(=) < Ifle/If(2o)I- 


r 


3. Let f be an entire function. Write z=x+iy as usual. Assume that for 
every pair of real numbers x, < x, there is a positive integer M such that 
f(x + iy) = O(y™) for y > oo, uniformly for x» < x < x,. The implied constant 
in the estimate depends on x,, x, and f. Let a, <a, be real numbers. 
Assume that 1/f is bounded on Re(z) =a. For T>0, let N¢(T) be the 
number of zeros of f in the box 


a,SxSa, and TsySTHl. 


Prove that N,(T) = O(log T) for T — oo. [Hint: Use an estimate as in Exercise 
2 applied to a pair of circles centered at a, + iy and of constant radius. ] 


Remark. The estimate of Exercise 3 is used routinely in analytic number 
theory to estimate the number of zeros of a zeta function in a vertical strip. 
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Next we develop extensions of the Poisson formula. We first set some nota- 
tion. For aé Dr, define 
R? — az 
Gp(z, a) = Gz ,(z) = ————_-.. 
al2, 4) = Gaal?) = Ro 


Then Gz, has precisely one pole on Dz and no zeros. We have 


IGr4(z)| = 1 for |z|=R. 


4. Apply the Poisson formula of Chapter VIII, §4 to prove the following theorem. 


Poisson—Jensen Formula. Let f be meromorphic on Dg. Let U be a simply 
connected open subset of Dp not containing the zeros or poles of f. Then there 
is a real constant K such that for z in this open set, we have 


2 


log f(z) -| ; log| f(Re’’)| Re" +240 Y (ord, f) log Ga(z, a) + iK. 


6) Re’® —z2n aeDr 


[For the proof, assume first that f has no zeros and poles on the circle Cg. 
Let 


h(z) = f(z) [] Ga(z, a)" 


and apply Poisson to log h. Then take care of the zeros and poles on Cp in the 
same way as in the Jensen formula.] 


5. Let f be meromorphic. Define n;(0) = max (0,n,(0)), and: 


Nr(oo, R) = S —(ord, f) log < + ni7,(0) log R 
aceDr ja| 
f(a)=0o 
a#0 


R 
Ny (0, R) = S- (ord, f) log ial + nz (0) log R. 
ja 
a#0 


Show that Jensen’s formula can be written in the form 


21 d@ 
| log| f(Re )i5— + Ny (00, R) — N¢(0, R) = logicy|. 


6. Let w be a positive real number. Define log* (a) = max(0, log «). 
(a) Show that log « = log*(«) — log? (1/a). 
(b) Let f be meromorphic on Dg. For r< R define 


2n ». ae ~ or 
m f(r) = | logt| f (re”)| x and GR ,(z) = I] Gr(z, a) re 
aeDp 


f(a)=o0 
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Let G = GR’. Show that 
mg(r) = N¢(oo, R) — N¢(oo,7). 
(c) Following Nevanlinna, define the height function 
T(r) = m,(r) + N,(00, r). 
Deduce Nevanlinna’s formulation of Jensen’s formula: 


T, ,.(r) = T,(r) — log|cyl. 


Xil, §2. THE PICARD—BOREL THEOREM 

Picard’s theorem states that an entire function which omits two distinct 
complex numbers is constant. We shall give a proof of this theorem due 
to Borel and dating back to 1887. For Picard’s original proof, see Chap- 
ter XI, §3. This section will not be used later and may be omitted by 
uninterested readers. We begin by setting some notation. 

Let a be a positive real number. We define 
log* (a) = max(0, log «). 


If ~,, %,...,4, are positive, then 


log* (a, 02) S log*(a,) + log* (a2) 
and 
log*(a, +-:-+4,) S ¥' log*(a;) + log n. 


The first inequality is immediate, and for the second, the stronger in- 
equality holds: 


log* (a, +: + a,) < max log* a; + log n. 
For the proof, we note that 


log* (a, +++: + 4,) < log*(n- max «;) < log* max a, + log n. 


Lemma 2.1. Let be C. Then 


2n g 
| log|b — e'?| a = log* |b]. 
21 


0 
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Proof. If |b|>1 then log|b—z| for |z|<1+e is harmonic, and 
log*|b| = log|b|, so the formula is true by the mean value property for 
harmonic functions. If |b| < 1, then 


an dé an . dé 
|. log|b — el —= | log|be~*® — 1] — 
0 20 


0 


= log|—1| = 0 = log" |b|. 
If |b| = 1, then the lemma has already been proved in Lemma 1.3. 


Let f be a meromorphic function. We define the proximity function 


an o,, 40 
my(r) = | log*| fire”) = 


0 
The integral is of course an improper integral, which converges. The 
situation is similar to that discussed in Jensen’s formula. Then the previ- 
ous inequalities for log” immediately yield: 

If f, g are meromorphic functions, then 

Mpg SM, + Ma. 
If fi, -.«sf, are meromorphic functions, then 
Mp +--+ 4, SM, +77 + my, + log n. 


We note that 
log’ « — log’ 1/a = log « and \log «| = log* a + log* 1/a. 
Example. Suppose h is entire without zeros. Then 
m, = m,,, + log|h(0)|. 


Indeed, from the definition and the preceding remark, we get 
20 e dQ 
m,(r) — m,,(r) = log|h(re™)| an log|h(0)| 
0 


by the mean value property of a harmonic function, Theorem 3.2 of 
Chapter VIII, §3. This proves the formula. 


We shall also need to count zeros of a function, and how many times 
a function takes a given value. Suppose f is an entire function. We had 
defined v,(r) to be the number of zeros of f in the closed disc of radius r. 
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It is now convenient to count the zeros in the open disc, so we define: 


n,(0, r) = number of zeros of f in the open disc of radius r, 
counted with multiplicities. 


If f(0) 4 0 we define 


r 
“5 
a 


N,(b, r) = Ny-,(0, 7) if beC is such that f(0) —b £0. 


N,(0, r) = { n,(0, ae = > (ord,f) log 


0 ae D, 
a#0 


Proposition 2.2 (Cartan). Let f be an entire function. Then 


* io 4 + 
my(r) = | Ny(e®, 7) — + log*|f(O)l 
0 T 


In particular, m, is an increasing function of r. 


Proof. For each 6 such that f(0) # e we apply Jensen’s formula to 
the function f(z) — e’’, to get 


. ; an ; 9, a 
N,(e®, r) + log| f(0) — e| = | logi fire'*) — e"| =. 
0 


Then we integrate each side with respect to 0, and use Lemma 2.1 to 
prove the formula. That m, is increasing then follows because for each 0, 
the function 


r++ N,(e”, r) 
is increasing. This proves the proposition. 


Let f be an entire function. We define 


M,(R) = logllfllg = where || f Ix = Sup [f(2)I. 


Thus M, is the log of the maximum modulus on the circle of radius R. 
It is obvious that 


m, S max(M,, 0). 


Conversely: 
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Theorem 2.3. Let f be an entire function. Then for r < R we have 


R+r 
M,(r) S R_ ~m,(R), 


and in particular, M,(r) S 3m,(2r). 


Proof. We shall use the theorem only when f has no zeros, and the 
proof in this case is slightly shorter. Hence we shall give the proof 
only in this case. The key step is to show that for r< R we have the 
inequality 


R+r 
M,(r) S R "m,(R). 


Since we assume that f is entire without zeros, we can define log f(z) as 
an entire function of z as in Chapter III, §6. We then apply Poisson’s 
formula to the real part of log f(z), taking z = re’® and ¢ = Re”, to get 


¢+2zd0 
C— z2n 


2n 
log| f(z)| s|" log| f(Re’*)| Re 
0 


But the max and min of Re((¢ + z)/(¢ — z)) occurs when cos(@ — @) = 1 
or —1, so 


pc Rrr eps tic Rt" 
R+r C(—z R-r 
and we get 
on R+rd0 Retr 
logif(2)| S |. log*|f(Re®)| 5 — = = m(R) 
0 xr R— 


Now take the sup for |z| =r and let R = 2r to conclude the proof. 


Corollary 2.4. Let f be an entire function. If my is bounded for r— 
then f is constant. If there exists a constant k such that 


m,(R;) Sk log R; 


for a sequence of numbers R,— 0 then f is a polynomial of degree 
<k. 


Proof. The first assertion follows from Theorem 2.3 and Liouville’s 
theorem that a bounded entire function is constant. The second assertion 
is essentially Exercise 5 of Chapter V, §1, but we give the short proof. 
Select A large positive, and let R= Ar. By Cauchy’s theorem, if f = 
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)\ a,z" then |a,| S ||fllz/R". By Theorem 2.3, we find for R = R; = Ar;: 
A+1 
log|a,| < M,(R)-—nlogRS q2i* log(Ar) — n log(Ar). 


If n>k, then for A sufficiently large, we also have n> k(A + 1)((A — 1). 
Letting R=R,;—- 0 we find that a,=0. Taking A sufficiently large 
shows that a, = 0 if n > k, thus proving the corollary. 

We now turn to the main application. 

Theorem 2.5. Let h be an entire function without zeros. Then 

my jn(r) < logr + logm;,(r) 

for all r lying outside a set of finite measure, and r —> oo. 

The proof will require some lemmas. Recall that a set has finite measure 


if it can be covered by a union of intervals I,, I,, ... such that the sum 
of the lengths is finite, 1.e. 


> length(I,) < 0. 
n=1 


Lemma 2.6. Let h be an entire function without zeros. Let 1 <r< R. 
Then 


1 
My »(t) S log* R + 2 log* Rot 2 log* m,(R) + a constant. 


Proof. Note that log h is defined as an entire function, and we have 
the Poisson representation 


log h(z) = | loglh(Re™)| 5 
0 


for some constant K. Differentiating with respect to z with |z| << R we 
obtain 
2Re® dé 


27 
h’/h(z) = \- log|h(Re’”)| ‘(Re® = 2)? an 


Therefore we find the estimate 


2R 
|h’/h(z)| S ———5 (R — (R—1? [m,(R) + m,),(R)]. 
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Taking log* and integrating, we obtain the bound 
1 
my (rT) S log* R + 2 log* Ro> + log* m,(R) + log*m,,,(R) + log 2. 


But as we saw at the beginning of the section, m,,, = m, — log|h(0)|, so 
the lemma follows, with the constant log 2 — log|h(0)|. 


The lemma tells us that m,,,,(r) is very small compared to m,, pro- 
vided we can find R slightly bigger than r such that m,(R) is not much 
bigger than m,(r). The next lemma shows that we can find arbitrarily 
large values of such numbers r. 


Lemma 2.7. Let S be a continuous, non-constant, increasing function 
defined forr >0. Then 
1 


s(; + aa) < 25S(r) 


for all r > 0 except for r lying in a set of finite measure. 


Proof. Let E be the exceptional set where the stated inequality is false, 
that is S(r + 1/S(r)) = 2S(r). Suppose there is some r, € E, S(r,) #0. Let 


1 
r, = inf re E such that r2r, + ast 
S(r,) 
Then r,¢ E andr, 2r, + 1/S(r,). Let 


1 
= inf E such that r 2 ——— >, 
r3 = in ire suc a rent got 


Then r,;¢E and r, =r, + 1/S(r,). We continue in this way to get the 
sequence {r,}. 


r> ro + Sirs) r3 
Figure 2 


Since S is monotone, by construction we find 


S(rn+1) 2 s(r, + a) 2 2S(r,) 2 2"S(r;). 


Hence 
1 2 
< 


d S(r,) S(r,) 
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If the sequence {r,} is infinite, then it cannot be bounded, for otherwise 
one sees immediately that S would become infinite before the least upper 
bound, which does not happen since S is continuous. Then E is covered 
by the union of the intervals 


1 
U[ tort | 


which has measure < 2/S(r,), thereby proving the lemma. 
We apply the lemma to the function 


S(r) = log* m,(r), 

and we take 
R=r+——— 
log” m,(r) 


in Lemma 2.6. This concludes the proof of Theorem 2.5. (See Exercise 


1.) 


We now come to Picard’s theorem. 


Theorem 2.8. Let f be an entire function. Let a, b be two distinct 
complex numbers such that f(z) 4a, b for all z. Then f is constant. 


Proof. Let 


L(w) = ——— 


Then L carries a,b to 0,1. Thus after replacing f by Lo f, we may 
assume without loss of generality that a= 0 and b= 1. Thus we let h be 
an entire function which has no zeros and such that 1 —h also has no 
zeros, and we have to prove that h is constant. Letting h,=h and 
h, = 1 —h, we see that it suffices to prove: 


Theorem 2.9. Let h,,h., be entire functions without zeros. If 
h, + h, = 1 
then h,, h, are constant. 


Differentiating the given relation, we obtain two linear equations 


h, +h, =1, 
hi +h, =0. 
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Write h, = (hi /h,)h, and h, = (h3/h,)h,. Solving for h,, say, we get 


_Ablh, 

© hy/hy — hy /hy’ 
unless the denominator is 0, in which case (h,/h,)/(h,/h,) =0, and then 
h,/h, is constant, and it follows at once that both h,, h, are constant. 


We then apply the inequalities for m,, and m,,, at the beginning of this 
section, and we find by Theorem 2.5 that 


m,,(r) < log r + log m,,(r) + log m,,(r) 


for all r outside a set of finite measure. We have a similar inequality for 
m,,. Then we get that 
my,(r) + m,,(r) < log r + log m,,(r) + log m,,(r). 
It follows that 
m, ,(r) and m,,(r) = O(log r) 
for arbitrarily large values of r. By Corollary 2.4, we conclude that h,, 


h, are polynomials, which are constant since they have no zeros. This 
concludes Borel’s proof of Picard’s theorem. 


XII, §2. EXERCISES 


1. Let h be an entire function without zeros. Show that m, is continuous. [This 
is essentially trivial, by the uniform continuity of continuous functions on 
compact sets. | 


2. Let f be a meromorphic function. Show that m, is continuous. This is less 
trivial, but still easy. Let z,, ...,z, be the poles of f on a circle of radius r. 
Let z;= re’, and let I(6,,6) be the open interval or radius 6 centered at 6. 
Let I be the union of these intervals. Then for 0¢ I, f(te’®) converges uni- 
formly to f(re’’) as t>r, so as tr, 


o,, 40 o,, 40 
| log” |f(te®)| — > | log" | f(re)| —. 
6¢I 2n O¢! 21 


Given ¢, there exists 6 such that if 0 € I(6,, 6) for some j and |t —r| < 6, then 


log*|f(re”’)| = log|f(re®)| and _—_log* | f(te’*)| = log| f(te”’)| 
because | f(z)| is large when z is near z;. But for z near z,, 


F(z) = (2 — 2) “g(2), 
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where e > 0 and |g(z)| is bounded away from 0. Hence for z near z,, 


log| f(z)| = —e log|z — z,| + bounded function. 
Then 


., 40 9, 40 
| log|f(re®)|— and | log| f(te"”)| — 
8€1(8;,8) 2n 6€1(8;,8) 2n 


are both small, because they essentially amount to 


5 
| log|6| dé, 
5 


up to a bounded factor. Put in the details of this part of the argument. ] 


3. Let f be meromorphic. Let a be a complex number. Show that- 
T(r) = Ty-(t) + O,(1), 


where |0,(1)| < log*|a| + log 2. 


So far you will have proved the first main theorem of Nevanlinna theory. 
For a development of the theory, see Nevanlinna’s book [Ne 53]. You can 
also look up the self-contained Chapters VI and VIII of [La 87]. 


The next sections deal with separate topics of more specialized interest. 
First we show how to estimate an analytic function by its real part. The 
method continues the spirit of the beginning of §1, using the maximum 
modulus principle. Next, we show that in the estimate of a function, one 
can use the fact that derivatives are small instead of the function having 
actual zeros to get bounds on the function. Such a technique is useful in 
contexts which deepen the result stated in §4 concerning rational values of 
entire or meromorphic functions. Then we go on to applications of the 
maximal modulus principle to regions other than discs, namely strips. These 
topics are logically independent of each other and can be covered in any 
order that suits the reader’s tastes or needs. Readers may also wish to skip 
the next sections and go immediately to the next chapter. 


XII, §3. BOUNDS BY THE REAL PART, 
BOREL—CARATHEODORY THEOREM 


We shall now give a simple proof that an analytic function is essentially 
bounded by its real part. As usual, we use the technique of two circles. 
If u is a real function, we let supp u = sup u(z) for |z| = R. 


Theorem 3.1 (Borel—Carathéodory). Let f be holomorphic on a closed 
disc of radius R, centered at the origin. Let ||f||, = max|f(z)| for 
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|z)} =r<R. Then 
If, s 


2r R+r 
R ——— . 
a Supe Re f + 5 | f) 


Proof.. Let A=suprpRef. Assume first that f(0)=0. Then A 20 
(why?). Let 
)-__ fea 
2(2A — f(z)) 


Then g is holomorphic for |z| < R. Furthermore, if |z| = R, then 


IZA — f(z)| 2 If (2)I. 


Hence ||g||p <1/R. By the maximum modulus principle, we have the 
inequality ||g||, < llgllz, and hence, if |w| =r, we get 


fm) ot 
r|2A — f(w)| — R’ 
whence 
fw)] STA + fow))) 


and therefore 


2r 
A, 
fl. Sg 


which proves the lemma in this case. 
In general, we apply the preceding estimate to the function 


h(z) = f(z) — fO). 


Supp Reh S supa Re f + |f(O)I, 


Then 


and if |w| =r, we get 


If(w) — f(0)| S aA + [FOI 


whence 
2r 
If) Se — TA + FON + (FO) 
thereby proving the theorem. 


In Chapter VIII we gave a more precise description of the relationship 
which exists between an analytic function and its real part, by expressing 
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the function in terms of an appropriate integral involving only the real 
part and the Poisson kernel function. The analytic function is essentially 
uniquely determined by its real part, except for adding a constant, which 
explains the occurrence of the term f(0) in the above estimate. However, 
the proof here with the maximum modulus principle is so simple that we 
found it worthwhile including it anyway. Besides, we give an estimate in 
terms of supp Re f, not just |/Re fllp. This is significant in the next 
corollaries. 


Corollary 3.2. Let h be an entire function. Let p>0O. Assume that 
there exists a number C >0 such that for all sufficiently large R we 
have 

SUPr Reh < CR’. 


Then h is a polynomial of degree < p. 


Proof. In the Borel—Carathéodory theorem, use R=2r. Then we 
have |h||,<r? for r>oo. Let h(z)=) a,z". By Cauchy’s formula we 
have |a,| < ||h||p/R" for all R, so a, = 0 if n> p, as desired. 


Corollary 3.3 (Hadamard). Let f be an entire function with no zeros. 
Assume that there is a constant C =1 such that ||f\lp < C® for all R 
sufficiently large. Then f(z) =e" where h is a polynomial of degree 
< 

<p. 


Proof. By Chapter III, §6 we can define an analytic function log f(z)= 
h(z) such that e”@) = f(z). The assumption implies that Re h satisfies the 
hypotheses of Corollary 3.2, whence h is a polynomial, as desired. 


XII, §4. THE USE OF THREE CIRCLES AND 
THE EFFECT OF SMALL DERIVATIVES 


We begin by illustrating the use of three circles in estimating the growth 
of a function in terms of the number of zeros. 

We study systematically the situation when an analytic function has 
zeros in a certain region. This has the effect of making the function 
small throughout the region. We want quantitative results showing how 
small in terms of the number of zeros, possibly counted with their multi- 
plicities. If the function has zeros at points z,, ...,z, with multiplicities 
k,,...,k,, then 

f(z) 


(z — 21)" ++ (z —z,)" 


is again analytic, and the maximum modulus principle can be applied to 
it. On a disc of radius R centered at the origin such that the disc 
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contains all the points z,, ...,z,, suppose that R is large with respect to 
IZ, |, ...5|Z,|, Say |Z;| << R/2. Then for |z| = R we get 


If we estimate the above quotient on the circle of radius R (which gives 
an estimate for this quotient inside by the maximum modulus principle) 
we obtain an estimate of the form 


Qh te F kal Fl RET Ten, 


Specific situations then compare ||f||, with the power of R in the denom- 
inator to give whatever result is sought. In the applications most often 
the multiplicities are equal to the same integer. We state this formally. 


Theorem 4.1. Let f be holomorphic on the closed disc of radius R. Let 
Z1, -+.,Zy be points inside the disc where f has zeros of multiplicities 
= M, and assume that these points lie in the disc of radius R,. Assume 


R, S R/2. 


Let R, <R,<R. Then on the circle of radius R, we have the esti- 
mate 


— lea 


If lle, MN log(R]R3) 


Proof. Let |w| = R,. We estimate the function 


[@—2,) : 7 ayy Lew = 2a) = 2) 


Figure 3 


358 APPLICATIONS OF THE MAXIMUM MODULUS PRINCIPLE [XII, §4| 


on the circle of radius R. This function has precisely the value f(w) at 
z=w. The estimate |w — z,| S$ 2R, is trivial, and the theorem follows at 
once. 


If a function does not have zeros at certain points, but has small 
derivatives, then it is still true that the function is small in a region not 
too far away from these points. A quantitative estimate can be given, 
with a main term which is the same as if the function had zeros, and an 
error term, measured in terms of the derivatives. 


Let z,,...,Zy be distinct points in the open disc of radius R, and let 


Q(z) = [(z — 21) (@ — zy)". 


Let f be holomorphic on the closed disc of radius R. Let TV be the circle 
of radius R, and let I; be a circle around z; not containing z, for k # j, 
and contained in the interior of T. Then we have for z not equal to any 
Z;: 


Hermite Interpolation Formula 


fo 1 [ 10 dt 


Q(z) 2ni Jr Q(0) (6 — 2) 
1 5 Serres ee dt 
"Oni & =1 m= d, Q(¢) (€-2z) 


This formula, due to Hermite, is a direct consequence of the residue 
formula. We consider the integral 


fe) 1 
r O(C)(¢ — 2) 


The function has a simple pole at ¢ = z with residue f(z)/Q(z). This gives 
the contribution on the left-hand side of the formula. The integral is also 
equal to the sum of integrals taken over small circles around the points 
Z1,-+--.Zy, Z. To find the residue at z;, we expand f(C) at z,, say 


dl. 


F (0) = ao + a,(C — 2) +775 + ay(C — 2)" + 


Looking at the quotient by Q(¢) immediately determines the residues at 
z; in terms of coefficients of the expression, which are such that 


An = D”f(z;)/m!. 


The formula then drops out. 
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It is easy to estimate |f(z)|. Multiplying by Q(z) introduces the 
quotients 
Q(z) = 1 E —2z; ay 
Q(0) jar l(C—z)] © 


which are trivially estimated. The denominator is small according as the 
radius of I; is small. In applications, one tries to take the I; of not too 
small radius, and this depends on the minimum distance between the 
points z, Z,, ...,Zy. It is a priori clear that if the points are close 
together, then the information that the function has small derivatives at 
these points is to a large extent redundant. This information is stronger 
the wider apart the points are. 
Making these estimates, the following result drops out. 


Theorem 4.2. Let f be holomorphic on the closed disc of radius R. Let 
Z1,..+,Zy be distinct points in the disc of radius R,. Assume 


2R,<R, and 2R,< R. 


Let o be the minimum of 1, and the distance between any pair of 


distinct points among Z,, ...,Zy. Then 
Ifo MN |D™f(z;)| 
If lle, S = (R/R; (R/R,)"* + (CR,/o) a al? 


where C is an absolute constant. 


An estimate for the derivative of f can then be obtained from 
Cauchy’s formula 


dC. 


rH | F(0) 
k!— Qni Jar, (€ — 2)" 


from which we see that such a derivative is estimated by a similar 
expression, multiplied by 
2k RK, 


We may summarize the estimate of Theorem 4.2 by saying that the 
first term is exactly the same as would arise if f had zeros at the points 
Z,, -».,Zy, and the second term is a correcting factor describing the 
extent to which those points differ from actual zeros. In practice, the 
derivatives of f are very small at these points, which thus do not differ 
too much from zeros. 
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XII, §5. ENTIRE FUNCTIONS WITH RATIONAL VALUES 


We shall give a theorem showing how the set of points where an entire 
function takes on rational values is limited. The method follows a classi- 
cal method of Gelfond and Schneider in proving the transcendence of «? 
(when a, B are algebraic 40, 1 and f is irrational). It develops ideas of 
Schneider, who had partially axiomatized the situation, but in a manner 
which makes the theorem also applicable to a wider class of functions. 

We recall that an analytic function is said to be entire if it is analytic 
on all of C. Let p >0. We shall say that f has strict order < p if there 
exists a number C > 1 such that for all sufficiently large R we have 


If(2| << C® ~~ whenever |z/ SR. 


Two functions f, g are called algebraically independent if for any poly- 
nomial function 


> a,;f'9? = 0 


with complex coefficients a;;, we must have a;; = 0 for all i, j. 

We denote the rational numbers by Q, as usual. If f,g take on 
rational values at certain points, we shall construct an auxiliary function 
> 5,,f'9' which has zeros of high order at these points, and then estimate 
this latter function. 


Theorem 5.1. Let f,, ...,f, be entire functions of strict order < p. 
Assume that at least two of these functions are algebraically indepen- 
dent. Assume that the derivative d/dz = D maps the ring Q[f,,...,f,] 
into itself, i.e. for each j there is a polynomial P, with rational coeffi- 
cients such that 


Df = Pi(fis-++tn)- 


Let w,,...,Wy be distinct complex numbers such that 


f(w;) € Q 
for j=1,...,n andi=1,...,N. Then N S 4p. 


The most classical application of the theorem is to the ring of 
functions 


QL: e7] 


which is certainly mapped into itself by the derivative d/dz =D. The 
theorem then implies that e” cannot be rational for any integer w 4 0. 
For otherwise, 
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would be rational, so we would obtain infinitely many numbers at which 
the exponential takes on rational values, as well as the function z, which 
contradicts the theorem. The same argument works in the more general 
case when dealing with algebraic numbers, to show that e” is not alge- 
braic when w is algebraic #0. Cf. [La 62], Theorem 3, and [La 66], 
Chapter III, Theorem 1. 

Before giving the main arguments proving the theorem, we state some 
lemmas. The first, due to Siegel, has to do with integral solutions of 
linear homogeneous equations. 


Lemma 5.2. Let 
Q414X, +°°' +4,,x, = 9, 


A,X, + — + ArnXn = 0 


be a system of linear equations with integer coefficients a;;, and n>r. 
Let A21 be a number such that |a,;;|< A for all i,j. Then there 
exists an integral, non-trival solution with 


Ix;| << 2(2nAyi-”), 


Proof. We view our system of linear equations as a linear equation 
L(X)=0, where L is a linear map, L:Z—>Z"™, determined by the 
matrix of coefficients. If B is a positive number, we denote by Z'(B) the 
set of vectors X in Z™ such that |X| < B (where |X| is the maximum of 
the absolute values of the coefficients of X). Then L maps Z™(B) into 
Z™(nBA). The number of elements in Z™(B) is = B" and < (2B + 1)". 
We seek a value of B such that there will be two distinct elements X, Y 
in Z(B) having the same image, L(X) = L(Y). For this, it will suffice 
that B" > (2nBA + 1)’, and thus it will suffice that B = (3nA)"""”. We 
take X — Y as the solution of our problem. 


The next lemma has to do with estimates of derivatives. By the size of 
a polynomial with rational coefficients we shall mean the maximum of 
the absolute values of the coefficients. A denomimator for a set of rational 
numbers will be any positive integer whose product with every element of 
the set is an integer. We define in a similar way a denominator for 
a polynomial with rational coefficients. We abbreviate denominator by 
“den”. 

Let 

PCT; , 5%) = Yi, Tit Th 


be a polynomial with complex coefficients, and let 


Q(T,,---sTr) = 2 Bix... T° Th” 
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be a polynomial with real coefficients 20. We say that Q dominates P 
and write P <Q, if |a | < Bj for all @) =(j,...,i,). It is then immedi- 
ately verified that the relation of domination is preserved under addition, 
multiplication, and taking partial derivatives with respect to the variables 
T,,...,1,. Thus if P <Q, then D,P < D,Q, where D; = 0/0T,. 


Lemma 5.3. Let f,, ...,f, be functions such that the derivative D = 
d/dz maps the ring QL f,,...,f,] into itself. There exists a number C, 


having the following property. If Q(T;,...,7,) is a polynomial with 
rational coefficients, of total degree <r, then 


D"(Q(fi5--»fn)) — On(Si >» seotn) 
where Q,, € Q[T,,...,7,] is a polynomial satisfying: 
(i) deg Q, <r+md with d defined below. 
(ii) size Q,, < (size Q)m! Cr". 
(iii) There exists a denominator for the coefficients of Q,, bounded by 
den(Q)C"*". 
Proof. Let P(T,,...,7,) be a polynomial such that 
Df, = Pfs ---sfa) 


Let d be the maximum of the degrees of P,, ...,P,. There exists a 
“differentiation” D on the polynomial ring Q[T,,...,7,] such that 


DT, = P(T,,...,T,), 


and for any polynomial P we have 
D(P(Ti.-.5T)) =X (DjPMT +s T)ER(T +57) 
- 


This is just obtained by the usual chain rule for differentiation, and 


is the usual partial derivative. But the polynomial Q is dominated by 
Q < size(Q)(1 4+ T, + °°: + 7, 


and each polynomial P, is dominated by size(P)(1 + T, +::: + T,)*. Thus 
for some constant C, we have 


DO < size(Q)C,r(1 + T +--+ TY 
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Proceeding inductively, we see that D*Q is dominated by 
D*Q < size(Q)C*r(r +d): (r+ kd)\(1 + T, +73 + Ty 
Since 
r(r + d)---(r + kd) < dr(dr + d)--: (dr + kd) 
< d'r(r + 1)-:- (r+ 8), 


this product is estimated by 


(r + k)! 
k+1 r+k 
dt *) rk! S Cath. 


This proves the lemma. 


We apply the lemma when we want to evaluate a derivative 
D*f(w) 


at some point w, where f = O(/,,...,f,) is a polynomial in the func- 
tions f,, ...,f,. Then all we have to do is plug in f,(w), ...,f,(w) in 
Q0,(T,,...,7,) to obtain 


D*f(w) = Q.(fi(w), ..- fal). 


If w is regarded as fixed, this gives us an estimate for D“f(w) as in (ii) 
and (ii) of the theorem, whenever f,(w), ...,f,(w) are rational numbers. 
Thus the previous discussion tells us how fast the denominators and 
absolute values of a derivative 


D*f(w) 


grow when w is a point such that f,(w), ...,f,(w) are rational numbers. 
We now come to the main part of the proof of the theorem. Let f, g 
be two functions among f,, ...,f, which are algebraically independent. 
Let L be a positive integer divisible by 2N. We shall let L tend to 
infinity at the end of the proof. 
Let 


have integer coefficients, and let L? = 2MN. We wish to select the coeffi- 
cients b;; not all 0 such that 


D"F(w,) =0 
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for m=0,...,M —1 and v=1,...,N. This amounts to solving a system 
of linear equations 


2, b, D™(f'g/)(w,) = 


and by hypothesis D™(f‘g’)(w,) is a rational number for each v. We 
treat the b,; as unknowns, and wish to apply Siegel’s lemma. We have: 


Number of unknowns = L’, 


Number of equations = MN. 
Then our choice of L related to M is such that 


# equations _ 
#unknowns — #equations — 


We multiply the equations by a common denominator for the coeffi- 
cients. Using the estimate of Lemma 5.3, and Siegel’s lemma, we can 
take the b;; to be integers, whose size is bounded by 


size b,, << M! CML < WMCMtL 


for M > oo. 

Since f, g are algebraically independent, the function F is not identi- 
cally zero. Let s be the smallest integer such that all derivatives of F up 
to order s — 1 vanish at all points w,, ...,wy, but such that D*F does 
not vanish at one of the w,, say w,. Then s2 M. We let 


= D*F(w,). 


Then a #0 is a rational number, and by Lemma 5.3 it has a denomina- 
tor which is < Cj for soo. Let c be this denominator. Then ca is an 
integer, and its absolute value is therefore = 1. 

We shall obtain an upper bound for |D*F(w,)| by the technique of 
Theorem 4.1. We have 


F(z) 


D*F(w,) = s! ——— 
(z _ W,) z=wy, 


We estimate the function 


F(z) 


tO sew) @— wo 


_ wy) 


on the circle of radius R = s‘/*?. By the maximum modulus principle, we 
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have 


|D*F(w,)| = |H(w,)| S$ A lp S$ 8°C* |F llp/R™ 


for a suitable constant C. Using the estimate for the coefficients of F, 
and the order of growth of the functions f,, ...,f,, together with the fact 
that L< M Ss, we obtain 


Cs sf R°L 8S SfSN 

[Flip S$ oct x 3s 
= RNs = e Ns(log s)/2p 

Hence 

2s7°Ns 

s“$C; 

— S 

1 S |ca| = |cD*F(w,)| S DNs(log s)/2p ° 


Taking logs yields 


Ns 1 
> ° < 2s logs + CNs. 


We divide by slogs, and let Loo at the beginning of the proof, so 
s— oo. The inequality 
N S40 


drops out, thereby proving the theorem. 


XII, §6. THE PHRAGMEN-LINDELOF AND 
HADAMARD THEOREMS 


We write a complex number in the form 


sS=o-+it 
with real og, t. 
We shall use the O notation as follows. Let f, g be functions defined 
on a set S, and g real positive. We write 


f(z) =O(g(z)) or [fl < gz) for |z| >a 


if there is a constant C such that | f(z)| S Cg(z) for |z| sufficiently large. 
When the context makes it clear, we omit the reference that |z| > oo. 
Consider a strip of complex numbers s such that the real part o lies in 
some finite interval [o,,02|. We are interested in conditions under which f 
is bounded in the strip. Suppose that |f| <1 on the sides of the strip. It 
turns out that if f has some bound on its order of growth inside the strip, 
then |f| <1 on the whole strip. The double exponential f(s) = e® on the 
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strip [—2/2, 2/2] gives an example when fis not bounded on the interior. 
However, one has: 


Theorem 6.1 (Phragmen-—Lindelof). Let f be continuous on the strip 
—nm/2sa0n/2 


and holomophic on the interior. Suppose |f| <1 on the sides of the strip, 
and suppose there exists 0<a<1 and C>0 such that 


If (s)| S exp(Ce*") 


for s in the strip with |s| > co. Then |f| <1 in the strip. 


Proof. Let a<f< 1. For each «> 0, define 


ge(s) =f (se ms), 


We have 2 Re(cos fs) = (e?' + e~P*)cos Ba. Since 0 < B < 1, it follows that 
there exists c > 0 such that c S$ cos fo for all oe [—2/2, 2/2]. Hence 


lge(s)| + 0 as |s| — 00, sin the strip. 


Since it is immediate that g. is bounded by | on the sides of the strip, it 
follows from the maximum modulus principle applied to truncated rec- 
tangles of the strip that |g.| S 1 on the whole strip. Then we conclude that 


If (s)| < eReeosPs for all s in the strip. 


We now fix some finite rectangle, and take s in this rectangle. The 
previous inequality holds for every «>0, and the values |cos fs| are 
bounded for s in the rectangle. This implies that |f(s)| <1 for s in the 
rectangle, and concludes the proof of the theorem. 


From Theorem 6.1 we shall obtain several variations. First, we say that 
a function f on a strip 0; So S o> Is of finite order on the strip if there 
exists 1 > 0 such that 


log| f(s)| « |s|* for |s| — oo, sin the strip. 


Theorem 6.2 (Phragmen—Lindelof, second version). Let f be continuous 
on a strip Re(s) € [01,02] and holomophic on the interior. Suppose 
|[f| <1 on the sides of the strip, and f is of finite order on the strip. Then 
\f| <1 on the strip. 
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Proof. By a linear change of variables s = aw + b = g(w) we see that 
the given strip corresponds to a strip as in Theorem 6.1. It is immediately 
verified that fog satisfies the hypothesis of Theorem 6.1, so |fog/ <1, 
and finally |f| <1, which proves the corollary. 


Remark. The bound of 1 on the sides is a convenient normalization. If 
instead |f| < B on the sides of the strip for some B> 0, then by con- 
sidering f/B instead of f one concludes that |/| < B inside the strip. 


The Phragmen—Lindelof can be applied to give estimates for a func- 
tion even when the function is not bounded in the strip. For instance, 
we obtain the following statement as an immediate consequence. 


Corollary 6.3. Suppose that f is of finite order in the strip, and that there 
is Some positive integer M such that 


f(a, +it)=O(\t(") for |t| > w 


and similarly for o, instead of o,, that is | f(s)| is bounded polynomially 
on the sides of the strip. Then for s in the strip, we have 


f(s) = O(\s|") for |s| + 00. 
Proof. Let sy be some point away from the strip. Then the function 
g(s) = f(s)/(s — so)”. 


is bounded in the strip and we can apply the Phragment-—Lindelof theo- 
rem to conclude the proof. 


Example. Define the zeta function 
C(s)= Dn. 
n=1 


It is easily shown that the series converges absolutely for Re(s) > 1, and 
uniformly on every compact subset of this right half-plane, thus defining 
a holomorphic function. It is also easily shown that 


((s)=[]G-—p)”* (called the Euler product), 


Pp 


where the product is taken over all the prime numbers. In Chapter XIII 
you will learn about the gamma function I(s). Define 


f()) = sl — seer (S)cIa 


368 APPLICATIONS OF THE MAXIMUM MODULUS PRINCIPLE [XII, §6] 


It can be shown that there is an extension of f to an entire function, 
satisfying the functional equation 


J(s) = f(l — 8). 


For Re(s) 2 2, say, the Euler product is uniformly bounded. The func- 
tional equation gives a bound 


f(o + it) =O(|t})*) for |t| 7 w 


for each o S —2. The Phragmen-—Lindelof theorem then gives a bound 
in the middle. 


In the Phragmen—Lindelof theorem we were interested in the crude 
asymptotic behavior for large t. In the next theorem, we want a more 
refined behavior, and so we must assume that the function is holomor- 
phic and bounded in a whole strip. 


Theorem 6.4 (First Convexity Theorem). Let s=oa+it. Let f be 
holomorphic and bounded on the strip axoao<b. For each o let 


M,(o) = M(o) = sup |f(o + it)|. 


Then log M(c) is a convex function of o. 
Proof. The statement is defined to be the inequality 
b—o g—a 


log M(o) s log M(a) + 
b—a b—a 


Expressed in multiplicative notation, this is equivalent with 


log M(b) 


M(c)?~* < M(a)’-°M(b)*~“. 
The case when M(a)= M(b)=1 is simply a special case of the 


Phragmen-—Lindelof theorem. 
In general, let 


h(s) _ M(aj@-s/2-9) M(b)s-9/@-9), 
Then h is entire, has no zeros, and 1/h is bounded on the strip. We have 
|h(a + it)| = M(a) and |h(b + it)| = M(b) 
for all t. Consequently, 


My), (a) = My),(b) = 1. 
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The first part of the theorem implies that | f/h| < 1, whence | f| < |h|, thus 
proving our theorem. 


Corollary 6.5 (Hadamard Three Circle Theorem). Let f(z) be holo- 
morphic on the annulus a S |z| S B, centered at the origin. Let 


M(r) = sup (ft 
Then log M(r) is a convex function of logr. In other words, 
log(B/«) log M(r) = log(f/r) log M(a) + log(r/a) log M(B). 


Proof. Let f*(s) = f(e’). Then f* is holomorphic and bounded on the 
strip a<o <b, where e* =a and e? = 8. We simply apply the theorem, 
to get the corollary. 


In the next corollary, we analyze a growth exponent. Let f be holo- 
morphic in the neighborhood of a vertical line o + it, with fixed o, and 
suppose that 


f(o + it) < |t|’ 


for some positive number y. The inf of all such y can be called the 
growth exponent of f, and will be denoted by w(c). Thus 


f(o + it) « |t|"\*s 


for every € > 0, and (oa) is the least exponent which makes this inequal- 
ity true. 


Theorem 6.6 (Second Convexity Theorem). Let f be holomorphic in the 
strip asxo&b. For each o assume that f(o + it) grows at most like a 
power of |t|, and let W(o) be the least number =0 for which 


flat it) « |vr 


for every « >0. Assume also that f is of finite order in the strip. Then 
W(a) is convex as a function of ao, and in particular is continuous on 


la, bj. 


Proof. The corollary of the Phragmen—Lindelof theorem shows that 
there is a uniform M such that f(o + it) <|t|“ in the strip. Let L.(s) be 
the formula for the straight line segment between w(a) +e and w(b)+ ¢; 
in other words, let 


b — 
L(s) =; — [W(a) + €] + —[Wb) + €] 
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The function 


f(s)(— is) 


is then immediately seen to be bounded in the strip, and our theorem 
follows, since we get w(c) < L,(c) for each o in the strip, and every e€ > 0. 


Example. We have already mentioned the zeta function. It is a stan- 
dard fact that it has a pole of order 1 at s=1, and 1s otherwise holo- 
morphic. Hence let us put 


H(s) = (s — 1)e(s). 


Then f is an entire function. We then have the corresponding w(c). The 
Riemann hypothesis states that all the zeros of ¢(s) (or f(s)) in the strip 
0<o <1 lie on the line Re(s) = 1/2. It can be shown fairly easily that 
this hypothesis is equivalent to the property that the graph of w is as 
shown on Fig. 4, in other words, w(co) = 0 for o 2 1/2. Cf. my Algebraic 
Number Theory, Springer-Verlag, Chapter XIII, §S. 


The dotted line represents the behavior 
of the graph of w(o) under the Riemann hypothesis. 


Figure 4 


XII, §6. EXERCISES 


Phragmen-Lindelof for Sectors 


1. Let U be the right half plane (Re z> 0). Let f be continuous on the closure 
of U and analytic on U. Assume that there are constants C>0 and a <1 
such that 

If(2)| < Cer 


for all z in U. Assume that f is bounded by 1 on the imaginary axis. Prove 
that f is bounded by 1 on U. Show that the assertion is not true if « = 1. 
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2. More generally, let U be the open sector between two rays from the origin. 
Let f be continuous on the closure of U (i.e. the sector and the rays), and 
analytic on U. Assume that there are constants C > 0 and « such that 


[f(z)| S$ Cel 


for all ze U. If 2/B is the angle of the sector, assume that 0<a< fp. If f is 
bounded by 1 on the rays, prove that f is bounded by 1 on U. 


3. Consider again a finite strip o, <0 <0,. Suppose that f is holomorphic on 
the strip, | f(s)| +0 as |s| > oo with s in the strip, and | f(s)| < 1 on the sides of 
the strip. Prove that | f(s)| < 1 in the strip. 

(Remark. The bound of 1 is used only for normalization purposes. If f 1s 
bounded by some constant B, then dividing f by B reduces the problem to the 
case when the bound is 1.) 


4. Let f be holomorphic on the disc Dz of radius R. For 0<r< R let 


1 2n 2 
Tiy= > | [sre I" 6. 
0 


Let f =) a,z" be the power series for f. 
(a) Show that 


I(r) =) |a,|?r?". 


(b) I(r) is an increasing function of r. 


() |fO? SIMS IS. 
(d) log I(r) is a convex function of logr, assuming that f is not the zero 
function. [Hint: Put s = logr, 


J(s) = I(e’). 


J’J —(s'?? 


Show that (log J)” = 72 


Use the Schwarz inequality to show 


that 
J’J —(J'? = 0.] 


CHAPTER  Xill 


Entire and Meromorphic 
Functions 


A function is said to be entire if it is analytic on all of C. It is said to be 
meromorphic if it is analytic except for isolated singularities which are 
poles. In this chapter we describe such functions more closely. We 
develop a multiplicative theory for entire functions, giving factorizations 
for them in terms of their zeros, just as a polynomial factors into linear 
factors determined by its zeros. We develop an additive theory for mero- 
morphic functions, in terms of their principal part (polar part) at the 
poles. 

Examples of classical functions illustrating the general theory of 
Weierstrass products and Mittag—Leffler expansions will be given in the 
three subsequent chapters: elliptic functions, gamma functions, and zeta 
functions. For other classical functions (including hypergeometric func- 
tions), see, for instance, Copson [Co 35]. 


XIII, §1. INFINITE PRODUCTS 


Let {u,} (n= 1,2,...) be a sequence of complex numbers #0. We say 
that the infinite product 


= 
ll 
ary 


converges absolutely if lim u, = 1 and if the series 


Y* log u, 
n=1 


converges absolutely, ic. ) |log u,| converges. For a finite number of n 
372 
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we take any determination of logu,, but if n is sufficiently large, then 
u, can be written in the form u, = 1—a, where |a,|< 1, and then we 
let log u, = log(1 — «,) be defined by the usual series for the logarithm. 
Under this condition of absolute convergence, it follows that the series 


Y log u, = >, log(1 — «,) 
converges, so the partial sums 
N 
Y log u, 
n=1 


have a limit. Since the exponential function is continuous, we can expon- 
entiate these partial sums (which are the log of the partial products) and 
we see that 


exists. 


Lemma 1.1. Let {«,} be a sequence of complex numbers a, #1 for all 
n. Suppose that 
ALA 


[a — O,,) 


converges. Then 


converges absolutely. 
Proof. For all but a finite number of n, we have |a,| <4, so 
log(1 — a,) 
is defined by the usual series, and for some constant C, 
log(1 — a,)| S Cla. 


Hence the product converges absolutely by the definition and our as- 
sumption on the convergence of ) |a,|. 


The lemma reduces the study of convergence of an infinite product to 
the study of convergence of a series, which is more easily manageable. 
In the applications, we shall consider a product 


[] (1 -1,@) 


where h,(z) is a function #1 for all z in a certain set K, and such that 
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we have a bound 
|h,(z)| S |,| 


for all but a finite number of n, and all z in K. Taking again the partial 
sums of the logarithms, 


N 
d log(1 _ h,(z)), 


we can compare this with the sums of the lemma to see that these sums 
converge absolutely and uniformly on K. Hence the product taken with 
the functions h,(z) converges absolutely and uniformly for z in K. 

It is useful to formulate a lemma on the logarithmic derivative of an 
infinite product, which will apply to those products considered above. 


Lemma 1.2. Let {/,} be a sequence of analytic functions on an open set 
U. Let f(z) =1+h,(z), and assume that the series 


S In(z) 


converges uniformly and absolutely on U. Let K be a compact subset of 
U not containing any of the zeros of the functions f, for all n. Then the 
product || f, converges to an analytic function f on U, for ze K we have 


S/F (z) = y In/FnlZ)s 


and the convergence is absolute and uniform on K. 
Proof. By covering K with a finite number of discs of sufficiently 


small radius, using the compactness, we may assume that K is a closed 
disc. Write 


fe) = TT £0 TT 40 
where WN is picked so large that > |A,(z)| <1. Then the series 
Y log fe) = ¥: log(t + h4() 
converges uniformly and absolutely, to define a determination of 


log G(z), where G(z) = Il f, (2). 
n=N 
Then 


FUf(2) = y Inlfrlz) + G'/G(z). 
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But we can differentiate the series for log G(z) term by term, whence the 
expression for f’/f(z) follows. If the compact set is away from the zeros 
of f, for all n, then the convergence is clearly uniform, as desired. 


XII, §1. EXERCISES 


1. Let 0 < |a| < 1 and let |zZ| <r <1. Prove the inequality 


a+ lalz 


(1 — az) 


2. (Blaschke Products). Let {a,} be a sequence in the unit disc D such that 
a, #0 for all n, and 


[o.6) 


Y (= la) 


n=1 


converges. Show that the product 


fey = Fy nl 


n=1 1 — a2 Z a, 


converges uniformly for |z| <r< 1, and defines a holomorphic function on 
the unit disc having precisely the zeros «, and no other zeros. Show that 


[f(z)| = 1, 


3. Let a, = 1 — 1/n” in the preceding exercise. Prove that 


lim f(x) = 0 if O<x<l. 


x71 
In fact, prove the estimate for a,_, <x < 4,: 


—] _ 
on Ke 2703, 


<I Ta, 


4. Prove that there exists a bounded analytic function f on the unit disc for 
which each point of the unit circle is a singularity. 


i) 


. (q-Products). Let z = x + iy be a complex variable, and let t = u + iv with u, v 
real, v > 0 be a variable in the upper half-plane H. We define 
2niz 


q.=e’™ and q,=e 


Consider the infinite product 


(1 ~~ qz) Ul (i — 4:92)( re! — q:/q:)- 


(a) Prove that the infinite product is absolutely convergent. 
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(b) Prove that for fixed t, the infinite product defines a holomorphic function 
of z, with zeros at the points 
m+nt, mon integers. 
We define the second Bernoulli polynomial 
B,(y)=y* —y +6. 


Define the Néron—Green function 


A(z, t) = A(x, y, t) = —log|qP2/"/7(1 — q,) I] (1 — q?q.)(1 — 9?/q,)|. 


(c) Prove that for fixed t, the function z+»A(z,t) is periodic with periods 
1, T. 


Xill, §2. WEIERSTRASS PRODUCTS 


Let f,; g be entire functions with the same zeros, at which they have the 
same multiplicities. Then f/g is an entire function without zeros. We 
first analyze this case. 


Theorem 2.1. Let f be an entire function without zeros. Then there 
exists an entire function h such that 


fle) = eh 


Proof. Since C is simply connected, this is merely a restatement of the 
result of Chapter III, §6 where we defined the logarithm log f(z) for any 
function f which has no zeros. 


We see that if f, g are two functions with the same zeros and same 
multiplicites, then 


f(z) = g(zje™ 


for some entire function h(z). Conversely, if h(z) is entire, then g(z)e™ 
has the same zeros as g, counted with their multiplicities. 

We next try to give a standard form for a function with prescribed 
zeros. Suppose we order these zeros by increasing absolute value, so let 
Z1, Z2,... be a sequence of complex numbers # 0, satisfying 


IZ;]S[z2.1S°°°. 


Assume that |z,|—> 00 as noo. If we try to define the function by the 
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f('-2) 


then we realize immediately that this product may not converge, and so 
we have to insert a convergence factor. We do not want this factor to 
introduce new zeros, so we make it an exponential. We want it to be as 
simple as possible, so we make it the exponential of a polynomial, whose 
degree will depend on the sequence of z,. Thus we are led to consider 
factors of the form 


product 


E,(z) _ (1 _ zjeZt alate tem int), 


The polynomial in the exponent is exactly what is needed to cancel the 
first n terms in the series for the log, so that 


2 n—-1 
log E,(z) =log(1 —z)+z+—4:°4 
2 n—1 
a0 — zk 
= 2 k 


Lemma 2.2. If |z| < 1/2, then 
log E,(z)| S 2|z|". 


Proof. 
iz" el 


yy 


nN kK=0 2' 


llog E,(z)| S S 2/2)". 


Given the sequence {z,}, we pick integers k, such that the series 


En) 


converges for all positive real R. Since |z,|—> co we can find such k,, for 
instance k, = n, so that (R/|z,|)" S 1/2” for n 2 no(R). We let 


72 gkn-1 
Pa)=zt at ty 


and 


E,(z, Z,) = (: _ =) oPnlzl2n) 
Z 


n 
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p(2\a24 1/z\ beg 1 (2 yo 
" Zn 7 Zn 2 \Zn kn — 1 \Zn 
Theorem 2.3. Given the sequences {Z,}, {kn}, {Pn} as above; if the series 


(a) 


converges for all positive real R (which is the case if ky =n), then the 
product 


Note that 


00 ie 8) Zz 

[1 lesa») = I] (1-2) emt 

n=] n=1 Zn 
converges uniformly and absolutely on every disc |z| < R, and defines an 
entire function with zeros at the points of the sequence {z,}, and no other 
zeros. 


Proof. Fix R. Let N be such that 
lzn| < 2R< Zvi. 
Then for |z| < R and n> WN we have |z/z,| < 1/2, and hence 
Kp 
llog E,(z, z_)| $ 2(*) | 


Therefore the series 


> log E,,(Z, Zn) 


N+1 


converges absolutely and uniformly when |z| < R, thereby implying the 
absolute and uniform convergence of the exponentiated product. 

The limiting function obviously has the sequence {z,} as zeros, with 
the multiplicity equal to the number of times that Z, 1S repeated in the 
sequence. We still have to show that the limiting function has no other 
zeros. We fix some radius R and consider only |z| < R. Given € there 
exists Ny such that if N = No, then 


< €, 


N N 
log [| E,(z,z,)|=| ¥. log E,(z, z,) 
n=No n=No 


by the absolute uniform convergence of the log sequence proved pre- 
viously. Hence the product 


T] Elz, z) 
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is close to 1. But 


fle) = TT Eg(z,2,) lim [] Ey(z, 29) 


Noo No 


The first product on the right has the appropriate zeros in the disc 
[zi] = R. The limit of the second product on the right is close to 1, and 
hence has no zero. This proves the theorem. 


The sequence {z,} was assumed such that z, #0. Of course an entire 
function may have a zero at 0, and to take this into account, we have to 
form 


1 _— 2 ePnlzl2n) 
Zn 


This function has the same zeros as the product in Theorem 2.3, with a 
zero of order m at the origin in addition. 

In most of the examples, one can pick k, — 1 equal to a fixed integer, 
which in all the applications we shall find in this book is equal to 1 or 2. 
The chapter on elliptic functions gives examples of order 2. We now give 
an example of order 1. 


Example 2.4. We claim that 


n | 


sin? mz nota (z — nn)?’ 


cos7z | 1 1 
nm cot mz = m— =-+) +—], 
sin mz Zz nk 


Z—-n n 
Z 2 z° 

sinaz = 1z |] — e7" = nz |] 1—-}. 
n#0 n n=1 n 


Proof. Consider the difference 


Z—n n sin Zz 


(1) me=1+ 5 ( 1 +1) SS 


The function z cot zz has simple poles at the integers, with residue 1, and 
so does the sum on the right-hand side. Hence the difference on the 
right-hand side representing the function h is an entire function, which 
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we must prove is equal to 0. We take the derivative 


_ 2 
(2) h'(= Yo — s+ 


ne Z (z — n)* sin? mz 


It is clear that h’ is periodic of period 1 (but it would not be so 
immediate that the function h itself is periodic). Next we prove that h’ is 
constant. By Liouville’s theorem, it suffices to prove that h’ is bounded. 
But for |y| 2 2 (say), putting z = x + iy, it is immediate that the series 


1 
——_——+5 with OS xsl 
neZ |x + ly — n| 
is bounded, and in fact the series approaches 0 as |y| > oo. Furthermore, 
substituting z = x + iy directly in the expression 
eitz _ pp inz 


e 
sin 1zZ = : 
2i 


shows that 1/sin* xz is also bounded in the cut-off strips 0< x < 1, 
|y| = 2, and approaches 0 as |y|— 00 (like e~?*!). Since h’ is entire, it 
follows that h’ is continuous also for |y| < 2, whence h’ is bounded in the 
entire strip, and is therefore bounded on C by periodicity. Hence h’ is 
constant by Liouville’s theorem. Furthermore, this constant is 0 because 
as we have seen, h'(x + iy) +0 as |y| > 00. 

Having proved h’ = 0 we now conclude that h itself is constant. Im- 
mediately from the definition (1), one sees that h(0)=0, whence h =0 
and therefore the formula for cot mz has been proved. 

Finally we consider sin zz. We let z, =n where n ranges over the 
integers # 0 (possibly negative). Let k, = 2, k, — 1= 1. The series 


Y (Rin) 
converges for all R. Hence Theorem 2.3 implies that the function 


f() =z T] ( _ ‘) ein 


n#0 


is an entire function with zeros of order 1 at the integers. We show that 
it is equal to sin nz. The Weierstrass product has the property stated in 
Lemma 1.2, and therefore taking the logarithmic derivative term by term 
yields 


piey= 5+ 5 ( | +1) 


z—n n 
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But 


cosmz d(sin 1z)/dz 
cot 22 = x ——_ = —_____. 
sin 1Z sin 1Z 


Since the logarithmic derivatives of sin zz and f(z) are equal, we now 
conclude that there exists a constant C such that 


f(z) = C sin xz. 


We divide both sides by zz and let z tend to 0. We then see that C = 1, 
thereby proving the Weierstrass product expression for sin zz. 


Remark. Of course, we gave two version of the Weierstrass product 
for sin zz. In the second version, the product is taken for n= 1, 2, ... 
ranging over the positive integers. As a simple exercise, justify the fact 
that we could combine the terms with n positive and the term with —n, 
so that the exponential factor cancels in this second version. 


XIll, §2. EXERCISES 


1. Let f be an entire function, and n a positive integer. Show that there is an 
entire function g such that g" = ff if and only if the orders of the zeros of f 
are divisible by n. 


2. Prove that 


i} 


Ms 
= — 
l 


a| a. 


n=1 


[ Hint: Use the constant term of the Laurent expansion of x7/sin? xz at z = 0.] 
3. More generally, show: 


(a) mzcotaz=1—2Y Y 2?™/n?™. 
n=1 m=1 


(b) Define the Bernoulli numbers B, by the series 


Setting t = 2inz and comparing coefficients, prove: 


If k is an even positive integer, then 
B 
2¢(k) = — 7; (2niJt 


If k = 2, you recover the computation of Exercise 2. 
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4. In the terminology of algebra, the set E of entire functions is a ring, and in 
fact a subring of the ring of all functions; namely E is closed under addition 
and multiplication, and contains the function 1. By an ideal J, we mean a 
subset of E such that if f, ge J then f+geJ, and if he E then hfeJ. In 
other words, J is closed under multiplication elements of E, and under addi- 
tion. If there exists functions f,, ...,f,¢€ J such that all elements of J can be 
expressed in the form A,f, +-:-+A,f, with A;e E, then we call f,, ...,f 
generators of J, and we say that J 1s finitely generated. Give an example of an 
ideal of E which is not finitely generated. 

For finitely generated ideals, see the exercises of §4. 


Xill, §3. FUNCTIONS OF FINITE ORDER 


It is useful to have a simple criterion when the integers k, in -the 
Weierstrass product can all be taken equal to a fixed integer. Let p be a 
positive real number. 

An entire function f is said to be of order < p if, given € > 0, there 
exists a constant C (depending on e€) such that 


Iflle<C®” for all R sufficiently large. 


or equivalently, 
log||fll;e<R°** for R->o. 


Observe that to verify such an asymptotic inequality, it suffices to verify 
it when R ranges through positive integers N, because we have 


(N+ 1)"*<N?** — for N sufficiently large. 


A function is said to be of strict order < p if the same estimate holds 
without the e, namely 


Iflle<C® — for R sufficiently large. 
The function is said to be of order p if p is the greatest lower bound of 


those positive numbers which make the above inequality valid, and simi- 
larly for the definition of the exact strict order. 


Example. The function e” has strict order 1 because |e”| = e* < e'*!. 


Further examples will be given by constructing functions of order p 
using Weierstrass products, as follows. 
Let p >0. Let k be the smallest integer > p. Let {z,} be a sequence 
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of complex numbers # 0, ordered by increasing absolute value, and such 
that 
1 


Line 


converges for every e«. As before let 


Pz) = Pl) = 2+ to + 
We call 


i — *) ePtltn) — T] E,(z, 2,) 


n 


E(z, (2,3) = E(z) = n( 


the canonical product determined by the sequence {z,} and the number p, 
or canonical product for short. Lemma 2.2 shows that it defines an 
entire function. 


Theorem 3.1. The above canonical product is an entire function of 
order < p. 


Proof. Let €>0 be such that p+e<k and let A=p+e. There 
exists a constant C such that 


|E,(z)| = |(1 — z)e?| < CPP. 


This is true for |z| <4 by Lemma 2.2, and it is even more obvious for 
\z|} => 1 and 4 <|z| <1. Then 


|E®(z, {z,%)| < I] C/2/2n\* < CREM ent 
thus proving the theorem. 
The next results essentially prove the converse of what we just did, by 


showing that all entire functions of order < p are essentially Weierstrass 
products of the above type, up to an exponential factor and a power of z. 


Theorem 3.2. Let f be an entire function of strict order <p. Let v,(R) 
be the number of zeros of f in the disc of radius R. Then 


v,(R) < R?. 
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Proof. Dividing f by a power of z if necessary, we may assume 
without loss of generality that f does not vanish at the origin. The 
estimate is an immediate consequence of Jensen’s inequality, but corre- 
sponds to a coarse form of it, which can be proved ad hoc. Indeed, let 
Z1, -++5Z, be the zeros in the circle of radius R, and let 


F(Z) 


90 @ ay)" 


n° 


Then g is entire, g(0)= +f(0), and we apply the maximum modulus 
principle to the disc of radius 3R, say. Then the inequality 


FO S IF llsr/2” 


falls out, thereby proving Theorem 3.2 directly. 


Theorem 3.3. Let f have strict order < p, and let {z,} be the sequence 
of zeros #0 of f, repeated with their multiplicities, and ordered by 
increasing absolute value. For every 6 > 0 the series 


1 


Iz,°*° 


yy 


converges 


Proof. We sum by parts with a positive integer R > oo: 


1 R vir + 1) — v(r) 
je*s < » a ce 


=1 


Iz, [<R |Zp 


VR) Ss vr) 
pers + d “preet + constant. 


r= 


< 


Each quotient v(r)/r? is bounded, so the first term is bounded, and the 
sum is bounded by ) 1/r’*? which converges. This proves the theorem. 


Theorem 3.4 (Minimum Modulus Theorem). Let f be an entire function 
of order <p. Let z,, Z,, ... be its sequence of zeros, repeated according 
to their multiplicities. Let s>p. Let U be the complement of the 
closed discs of radius 1/|z,|° centered at z,, for |z,|>1. Then there 
exists role, f) such that for zeé U, |z| =r>ro(e, f) we have 


If(z)|> ers ie. log|f(z)| > —r?*s. 
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Proof. We first prove the minimum modulus theorem for the canoni- 
cal product. Let |z| =r. We write 


E(z)= [] (1-2) [] e?@ JT] E,(z, z,). 
IZ,|<2r Zn/ \en\<2r 


\z,|22r 


The third product over |z,| = 2r is seen to have absolute value > C"”™ 
by the usual arguments. Indeed, we have the analogous estimate from 
below instead of Lemma 2.2, namely: 


If |w| < 1/2, then 
2 
log|Ex(w)| 2 lw 


This is seen at once from the expansion 


—log E,(w) = > “= " + higher terms, 


and the higher terms can be estimated by the geometric series. We put 
w = z/z, to obtain 


9) pte 
Y losleste.e)l2 -2 |Z, 2-2 ye |Z 
\Z,|22r [Zn|22r k jD2r! 7 
Since )' 1/|z,|°** converges, we obtain the desired estimate 
log|third product| = —C,r°** for some constant C, > 0. 


Consider next the second product. There is a constant C, >0 such 
that 


k-1 
—|P(2/2n)| 2 — Co >> |z/znl’. 
j=0 


If |z,| =r, then the term |z/z,|’ is bounded and there are 
< v(2r) < r?** 


such terms. For |z,|<r we can replace j by its highest possible value 
k —1. Then we obtain 


k-1 
log|second product|2—C, ) |—| — O(I). 
\Z,| <r n 
k-1 
C.r 1 y — ~~ O(1). 
lzn|<r n 
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Using summation by parts, we find 


1 |? v(m + 1) — v(m) 
> « » k-1 
1S\|znl<r | 2n m&r m 
v(r v(m 
< ) +) rn) + constant 
r msr m 
pte 


Re i 4 peteKH 4 OCI) 


Combining this with the lower bound for log|second product| proves that 
log |second product| > —r?*<, 


as desired. 
In the first product we have 


Hence the first product satisfies the lower bound 


> log 


[Zn|<2r 


1 ——| 2 v(2r) — (s + 1) log(2r) 


Zz 
Zn 


= — C3r’* log(2r) (by Theorem 3.2). 


which concludes the proof of the minimum modulus theorem for canoni- 
cal products. 


Before proving the full minimum modulus theorem, we give the most 
important application of minimum modulus for Weierstrass products, 
which now allow us to characterize entire functions of finite order. 


Theorem 3.5 (Hadamard). Let f be an entire function of order p, and 
let {z,} be the sequence of its zeros #0. Let k be the smallest integer 
>p. Let P=P,. Then 


fz) = eh" T] ( 1-2 ) eP ln) 
Zn 


where m is the order of f at 0, and h is a polynomial of degree < p. 


Proof. The series ) 1/|z,|* converges for s>p. Hence for every r 
sufficiently large, there exists R with r < R <2r such that for all n the 
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circle of radius R does not intersect the disc of radius 1/|z,|* centered at 
z,- By the minimum modulus theorem, we get a lower bound for the 
canonical product E(z) on the circle of radius R, which shows that the 
quotient f(z)/E(z)z™ is entire of order <p. We can apply Corollary 3.3 
of Chapter XII to conclude the proof. 

The full minimum modulus theorem for f is now obvious since the 
exponential term e””) obviously satisfies the desired lower bound. 


Xill, §3. EXERCISES 


1. Let f, g be entire of order p. Show that fg is entire of order < p, and f +g is 
entire of order < p. 


2. Let f, g be entire of order <p, and suppose f/g is entire. Show that f/g is 
entire of order < p. 


Xill, §4. MEROMORPHIC FUNCTIONS, 
_ MITTAG-—-LEFFLER THEOREM 


Suppose f has a pole at z,), with the power series expansion 


a_m 


(Z — Zo)” 


f(z) = +++ +4,(Z — Zo) +°°°. 


We call 
Pr(f, 29) = ae to HS - (1 


(z — Zo)” (2-2)  \z—2 
the principal part of f at Zo. 


We shall consider the additive analogue to Section §2, which is to 
construct a meromorphic function having given principal parts at a 
sequence of points {z,} which is merely assumed to be discrete. 


Theorem 4.1 (Mittag—Leffler). Let {z,} be a sequence of distinct com- 
plex numbers such that |z,| > 00. Let {P,} be polynomials without con- 
stant term. Then there exists a meromorphic function f whose only 
poles are at {z,} with principal part P,(1/(z — z,)). The most general 
function of this kind can be written in the form 


1 
f(z) = » , (+) _ 0.00 + (2), 
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where Q, is some polynomial, and @ is entire. The series converges 
absolutely and uniformly on any compact set not containing the poles. 


Proof. Since a principal part at 0 can always be added a posteriori, we 
assume without loss of generality that z, 40 for all n. We expand 


in a power series of z/z, at the origin. This power series is a linear 
combination of power series arising from a single term 


I (-1)* I (2) 
re Se OO 
k kok » J 
(Z — Zn) z(t -2) on Zn 
Zn 

with coefficients 5; related to binomial coefficients (depending on k). In 
particular, since the radius of convergence of 1/(1—7)* is 1, we have 
the estimate 


lJbl<« A+ ey for j — 0, 
with the implied constant depending on k. Let d, be a positive integer. It 
follows from these estimates that if we let Q,(7) be the polynomial of 


degree <d,—1 in the power series expansion of P,,(1/(z — z,)) at 0, then 
there exists a constant B, (depending only on n) such that 


1 
Pr(——) - 2| < B.S ++) 2/ 


i=d, 
Therefore we can pick d, such that if |z/z,| < 1/2, then 


Then the series 


5] R(.)- 2.0) 


converges absolutely and uniformly for z in any compact set not contain- 
ing the z,. In fact, given a radius R, let R < |zy|, and split the series, 


E[A(=5)-o|+ 3 [a(=3)-20]} 
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The first part is a finite sum. If |z} < .R/2, then the second sum is 
dominated by 5°1/2”. The finite sum has the desired poles, and the 
infinite sum on the right has no poles in the disc of radius R/2. This is 
true for every R, thereby completing the proof of the theorem. 


XII, §4. EXERCISES 


l. 


Let g be a meromorphic function on C, with poles of order at most one, 
and integral residues. Show that there exists a meromorphic function f such that 


f/f =49. 


. Given entire functions f, g without common zeros, prove that there exist entire 


functions A, B such that Af+ Bg = 1. [Hint: By Mittag—Leffler, there exists a 
meromorphic function M whose principal parts occur only at the zeros of g, 
and such that the principal part Pr(M,z,) at a zero z, of g is the same as 
Pr(1/fg, z,), so M — 1/fg is holomorphic at z,. Let A = Mg, and take it from 
there. ] 


. Let f, g be entire functions. 


(a) Show that there exists an entire function h and entire functions f,, 9, 
such that f = hf,, g = hg,, and f,, g, have no zeros in common. 
(b) Show that there exist entire functions A, B such that Af + Bg = h. 


. Let f,, ...,f,, be a finite number of entire functions, and let J be the set of all 


combinations A,f, +:::+A,Jf,, Where A; are entire functions. Show that 
there exists a single entire function f such that J consists of all multiples of f, 
that is, J consists of all entire functions Af, where A is entire. In the language 
of rings, this means that every finitely generated ideal in the ring of entire 
functions is principal. 


. Let {ax}, {z,} be sequences of non-zero complex numbers, with |z,|—> co and 


lZx| S |Zx41| for all k. Let p be a real number >0 such that 


| 
aa |’ 


Define 


n 


An = >- \axl. 


k=1 


(a) Prove that A, = 0(|z,|") for n— oo, meaning the lim A,/|z,|? =0 
(b) Let d be the smallest integer =p. Let Gy be the polynomial 


Define 


). 
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Prove that the series 
00 
F(z) = )_ F(z, zx) 
k=1 
converges absolutely and uniformly on every compact set not containing 
any Zx. 


(c) Let S be a subset of C at finite non-zero distance from all z,, that is, there 
exists c > 0 such that |z—z,| 2c for all ze S and all k. Show that 


F(z) =O(|z|*) forzeS, |z| 00. 


(d) Let U be the complement of the union of all discs D(z;,, 0,), centered at Z,, 
of radius 6, =1/|z,|“. Show that 


F(z) = O(|\z?’**) forzeU, |z| > 0. 


Note: For part (d), you will probably need part (a), but for (c), you won't. 


CHAPTER XIV 


Elliptic Functions 


In this chapter we give the classical example of entire and meromorphic 
functions of order 2. The theory illustrates most of the theorems proved 
so far in the book. A self-contained “analytic” continuation of the topics 
discussed in this chapter can be found in Chapters 3, 4, and 18 of my 
book on Elliptic Functions [La 73]. 


XIV, §1. THE LIOUVILLE THEOREMS 


Let @,, @, be two complex numbers which are linearly independent over 
the real numbers. This means that there is no relation 


aw, + ba, =0 with a,beR_ not both 0. 


By the lattice generated by w,, w, we mean the set of all complex 
numbers of the form 


mo, + na, with m, ne Z. 


Thus a lattice looks like the set of points of intersections in the lines 
of the following diagram. We shall use the notation L =[q@,, @, ]. 
Observe that if @, w’e L, then w+’, and nweL for all integers n. 
One may say that L is closed under addition and under multiplication by 
integers. Those who know the definition of a group will therefore see 
that a lattice is a subgroup of C. Furthermore, since C has dimension 2 
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Figure 1 


as a vector space over R, we see also that w,, w, form a basis of C 
over R. 

Let z, we C. We define z= wmod L to mean that z—weL. We let 
the reader verify that the relation z = w mod L, called congruence modulo 
L, is an equivalence relation, that is: 


z=zmodL; 
if z=w and w=u then z=u; 


if z = w then w =z. 


The set of equivalence classes mod L is denoted by C/L, which we read 
C modulo L. Since congruence is an equivalence relation, we may add 
congruence classes. Also observe that if z= w mod L and n is an integer, 
then nz =nwmod L. If 4 is an arbitrary complex number + 0, then in 
general it is of course not true that AL cL, and even less true that 
AL = L. However, the reader can verify that if z= wmod L, then AL 1s 
also a lattice, and Az = Aw mod AL. 

If L =[@,,@,] as above, and «eC, we call the set consisting of all 
points 


a+t,@,+,@,, O<t;, <1, 
a fundamental parallelogram for the lattice (with respect to the given 


basis). We could also take the values 0 < t; < 1 to define a fundamental 
parallelogram. Let P be the fundamental parallelogram defined in this 
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latter fashion. Then one has: 
Given z € C, there exists a unique element z,) € P such that z = Z, mod L. 


Proof. First let «=0. Write z=aw, +bw, with a, be R. Let m 
be the largest integer <a, and let n be the largest integer <b. Let 
t, =a—mandt,=b—n. Then 


Z=mo@,+nw, + t,@, + t,@, =t,@, + t,@, mod L. 


Observe that 0 < t; < 1, so the congruence class of z mod L has a repre- 
sentative in the fundamental parallelogram P. On the other hand, sup- 
pose that 

t,@, + t,0, = 5,0, + 5,0, with O<s, <1. 


Then |s; — t;|< 1, but (s,; — t,)@, + (s, —t,)a, =0 mod JL, so s; =; for 
i=1, 2. Thus z) =t,w, +t,@, is the unique element of P which is 
= zmod L. 

If « #0, then we apply the above arguments to z — a, to get both the 
existence and uniqueness of an element z, in a fundamental parallelo- 
gram which is = z mod L. 


Since we assumed that w,, w, are not real scalar multiples of each 
other (because they are linearly independent over R), it follows that 
W,/@, or w,/m@, has a positive imaginary part. After changing the order 
in which we consider w, and w,, we can achieve that the imaginary part 
of w,/w, is positive. 

Unless otherwise specified, we shall assume that Im(qw,/m,) > 0, Le. 
that w,/@, lies in the upper half plane H = {x +iy, y>0}. An elliptic 
function f (with respect to L) is a meromorphic function on C which is 
L-periodic, that is, 

f(z + w) = f(z) 


for all ze C and we L. Note that f is periodic if and only if 


f(z + @1) = f(@) = f(z + @). 


An elliptic function which is entire (ie. without poles) must be con- 
stant. Indeed, the function on a fundamental parallelogram is continuous 
and so bounded, and by periodicity it follows that the function is bounded 
on all of C, whence constant by Liouville’s theorem. 


Theorem 1.1. Let P be a fundamental parallelogram for L, and assume 
that the elliptic function f has no poles on its boundary OP. Then the 
sum of the residues of f in P is 0. 
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Proof. We have 


2ni Res f= | f(z) dz = 0, 


oP 


this last equality being valid because of the periodicity, so the integrals 
on opposite sides cancel each other (Fig. 2). 


a+ wy) tw? 


atwy] 


atw? 


Figure 2 


Corollary. An elliptic function has at least two poles (counting multi- 
plicities) in C/L. 


Theorem 1.2. Let P be a fundamental parallelogram, and assume that 
the elliptic function f has no zero or pole on its boundary. Let {a;} be 


the singular points (zeros and poles) of f inside P, and let f have order 
m; at a;. Then 
y mM; = 0. 


Proof. Observe that f elliptic implies that f’ and f’/f are elliptic. We 
then obtain 


0= | f'/f(z) dz = 2n,/—1) Residues = 22,/—1) m,, 
aP 
thus proving our assertion. 
Theorem 1.3. Hypotheses being as in Theorem 1.2, we have 
> m,a;=0 (mod L). 


Proof. This time, we take the integral 


F(Z), 7 - 
| GO ae = ony 1 > m,q;, 
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because 


On the other hand we compute the integral over the boundary of the 
parallelogram by taking it for two opposite sides at a time. One pair of 
such integrals is equal to 


i f'(z) i f'(2z) 


z——— dz — z—— dz. 


a f(z) atw f(z) 


We change variables in the second integral, letting u=z—a,. Both 
integrals are then taken from « + w,, and after a cancellation, we get the 


value 
+ / 
wer f"(u) 
—@ “dy = 27,./—1ko,, 
° | flu) ; 


for some integer k. The integral over the opposite pair of sides is done 
in the same way, and our theorem is proved. 


XIV, §2. THE WEIERSTRASS FUNCTION 


We now prove the existence of elliptic functions by writing some analytic 
expression, namely the Weierstrass function 


1 1 1 
§2(z) pt d, —_ a 


wel*|(z—-o)* @ 


where the sum is taken over the set of all non-zero periods, denoted by 
L*. We have to show that this series converges uniformly on compact 
sets not including the lattice points. For bounded z, staying away from 
the lattice points, the expression in the brackets has the order of magni- 
tude of 1/|~|°. Hence it suffices to prove: 


1 
Lemma 2.1. If 4>2, then ) io? converges. 


weL* | 
Proof. Let A, be the annulus consisting of all ze C such that 
n—1s|z| <n. 


The partial sum for |w@| < N can be decomposed into a sum for we A,, 
and then a sum for 1 <n<N. We claim: 
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There exists a number C >0 such that the number of lattice points in 
A, is S Cn. 


Assuming this claim for a moment, we obtain 


o-8) e8) 1 
i<>d <a 
1 iin 


which converges for 4 > 2. 

Now to prove the claim, let d be a positive integer such that the 
diameter of a fundamental parallelogram is < d. Then A, is contained in 
the annulus of complex numbers z such that 


n—-1—dslz|sn+d. 


By direct computation, the area of this annulus is C,n for some constant 
C, (depending on d). Let k, be the number of fundamental parallelo- 
grams of the lattice which intersect A,. The number of lattice points in 
A, is certainly bounded by k,. But if P is a fundamental parallelogram, 
then 


k,(area of P) S area of the annulus{n —1—d<|z|Sn+d}<C,n. 


This proves_that k, < Cn, with C = C,/(area of P), and thus proves the 
claim. 


The series expression for yg shows that it is meromorphic, with a 
double pole at each lattice point, and no other pole. It is clear that ¢ is 
even, that is, 


(Zz) = 9(—2) 


(summing over the lattice points is the same as summing over their 
negatives). We get go’ by differentiating term by term, 


o'(2)=-2 Y 


weL (Z — w)’ 


the sum being taken for all ae L. Note that g’ is clearly periodic, and 
is odd, that is 


go'(—2) = —¢'(2). 
From its periodicity, we conclude that there is a constant C such that 


(z+ @,)= g(z)+ C. 
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Let z = —@,/2 (not a pole of @). We get 


WO, \ Oy 
o(3)-0(-3) +6 
and since g is even, it follows that C=0. Hence ¢ is itself periodic, 
something which we could not see immediately from its series expansion. 


Theorem 2.2. Let f be an elliptic function periodic with respect to L. 
Then f can be expressed as a rational function of go and go’. 


Proof. If f is elliptic, we can write f as a sum of an even and an odd 
elliptic function, namely 


_f@+h-9 , f/O-I-2) 
= ; . 


fle ; 


If f is odd, then the product fg’ is even, so it will suffice to prove that if 
f is even, then f is a rational function of g. 


Suppose that f is even and has a zero of order m at some point u. Then 
clearly f also has a zero of the same order at —u because 


fu) =(-YFP(-4). 
Similarly for poles. 


If u = —u (mod L), then the above assertion holds in the strong sense, 
namely f has a zero (or pole) of even order at u. 


Proof. First note that u = —u (mod L) is equivalent to 
2u=0 (mod L). 
In C/L there are exactly four points with this property, represented by 


0, &2 (, MW, + @, 
> 9? 2° 2 


in a fundamental parallelogram. If f is even, then f’ is odd, that 1s, 
f'w) = -f'(—). 


Since u = —u (mod L) and f’ is periodic, it follows that f’(u) = 0, so that 
f has a zero of order at least 2 at u. If u #0 (mod L), then the above 
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argument shows that the function 


g(z) = e(z) — elu) 


has a zero of order at least 2 (hence exactly 2 by Theorem 1.2 and the 
fact that ~ has only one pole of order 2 on C mod L). Then f/g is even, 
elliptic, holomorphic at u. If f(u)/g(u) #0, then ord, f = 2. If f(u)/g(u) = 
0, then f/g again has a zero of order at least 2 at u and we can repeat 
the argument. If u = 0 (mod L) we use g = 1/g and argue similarly, thus 
proving that f has a zero of even order at u. 


Now let u; (i= 1,...,r) be a family of points containing one represen- 
tative from each class (u, —u) (mod L) where f has a zero or pole, other 
than the class of L itself. Let 


m, = ord, f if 2u,;#0 (mod L), 
m,= 0rd, f if 2u,=0 (mod L). 


Our previous remarks show that for ae C, a#0 (mod L), the function 
g2(z) — g(a) has a zero of order 2 at a if and only if 2a = 0 (mod L), and 
has distinct zeros of order 1 at a and —a otherwise. Hence for all z #0 
(mod L) the function 


[] Lot) — ou)" 


has the same order at z as f. This is also true at the origin because of 
Theorem 1.2 applied to f and the above product. The quotient of the 
above product by f is then an elliptic function without zero or pole, 
hence a constant, thereby proving Theorem 2.2. 

Next, we obtain the power series development of g and g’ at the 
origin, from which we shall get the algebraic relation holding between 
these two functions. We do this by brute force. 


1 1 Z z\? 21 
= __ ne i oe * wee) 
60(z) pt 2, Fal +2 4(2) + ) = 


where 


Note that c,, = 0 if m is odd. 
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Using the notation 


1 
Sm(L) = Sm = — 
L) nar 


we get the expansion 


1 00 
(2) = at 2 n+ YSon42(L)z™ 


from which we write down the first few terms explicitly: 


1 
¢(z) = at 35427 + Ssgz* + °° 


and differentiating term by term, 


—2 
ga'(z) = = + 6542 + 20sgz3 + °°. 
Zz 


Theorem 2.3. Let g, = g,(L) = 60s, and g, = g;(L) = 140s,. Then 
—’* = 49° — 9.0 — gs. 
Proof. We expand out the function 
o(z) = 9'(z)? — 4e(2)° + g29(2) + 93 

at the origin, paying attention only to the polar term and the constant 
term. This is easily done, and one sees that there is enough cancellation 
so that these terms are 0, in other words, g(z) is an elliptic function 
without poles, and with a zero at the origin. Hence @ is identically zero, 


thereby proving our theorem. 


The preceding theorem shows that the points (g(z), 9'(z)) lie on the 
curve defined by the equation 


y? = 4x° — gox — gs. 
The cubic polynomial on the right-hand side has a discriminant given by 
A = g3 — 2793. 


We shall see in a moment that this discriminant does not vanish. 
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= (5!) i= 1, 2,3, 


where L = [w@,,@,] and w, = @, + @,. Then the function 


Let 


h(z) = p(@) —e, 


has a zero at w;/2, which is of even order so that g’(@,/2)=0 for 
i= 1, 2, 3, by previous remarks. Comparing zeros and poles, we con- 
clude that 


g'(z)* = 4(@(z) — e,)(@(z) — e2)(@(z) — e3). 


Thus e,, €,, e; are the roots of 4x*> — g,x —g ;. Furthermore, g takes 
on the value e; with multiplicity 2 and has only one pole of order 
2mod L, so that e; # e; for i# j. This means that the three roots of the 
cubic polynomial are distinct, and therefore 


A = g3 — 2792 £0. 


XIV, §3. THE ADDITION THEOREM 


Given complex numbers g,, g3 such that g} — 2793 £0, one can ask 
whether there exists a lattice for which these are the invariants associated 
to the lattice as in the preceding section. The answer is yes. For the 
moment, we consider the case when g,, g3 are given as in the preceding 
section, that is, g, = 60s, and g; = 140s,. 

We have seen that the map 


z++(@(z), e'(2)) 
parametrizes points on the cubic curve defined by the equation 
y? =4x° — gx — gs. 


If z¢ L then the image of z under this map is a point of the curve, and if 
zéL, then we can define its image to be a “point at infinity”. If z, =z, 
(mod L) then z, and z, have the same image under this map. 

Let 


P, = (@(u), @'(u1)) and P, = (go(u2), @'(u2)) 
be two points on the curve. Let u; =u, + u,. Let 


P, = (go(us), ga'(u3)). 
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We also write 


P, = (X,, 3); P, = (X2, V2); P; = (X3, 3). 


Then we shall express x,, y3 as rational functions of (x,, y,) and (x,, y3). 
We shall see that P,; is obtained by taking the line through P,, P,, 
intersecting it with the curve, and reflecting the point of intersection 
through the x-axis, as shown on Fig. 3. 


P3 


Figure 3 


Select u,, u,EC and €L, and assume u, #u, (mod L). Let a, b be 
complex numbers such that 


go'(u,) = ag(u,) + 5, 
o'(u2) = aga(uz) + b, 
in other words, y=ax+b is the line through (o(u,), 0’(u,)) and 


(o(u), ¢0'(u,)). Then 
ga'(z) — (ag(z) + 5) 


has a pole of order 3 at 0, whence it has three zeros, counting multi- 
plicities, and two of these are at u, and u,. If, say, u, had multiplicity 2, 
then by Theorem 1.3 we would have 


2u, +u,=0 (mod L). 
If we fix u,, this can hold for only one value of u,modL. Let us 
assume that we do not deal with this value. Then both u,, u, have 


multiplicity 1, and the third zero lies at 


Us = —(u, + uy) (mod L) 
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again by Theorem 1.3. So we also get 


ga'(u3) = agus) + b. 
The equation 
4x3? — g,x —g, —(ax + b)? =0 


has three roots, counting multiplicities. They are g(u,), e(u2), (us), 
and the left-hand side factors as 


A(x — go(us))(x — e(uz))(x — @(us)). 
Comparing the coefficient of x? yields 


q? 
(us) + O(u2) + Plus) = 7- 


But from our original equations for a and b, we have 


a(g(u,) — @(u2)) = @'(u1) — @'(u2). 
Therefore from 

go(u3) = e(—(uy + u2)) = p(u, + up) 
we get 


9'(u,) — @'(u2) 
(o(u,) — (uz) 


1 
go(u, + u2) = —g(u,) — ~(uz) + ( 


or in algebraic terms, 


Fixing u,, the above formula is true for all but a finite number of 
u, =u, (mod L), whence for all u, # u, (mod L) by analytic continuation. 
For u, = u, (mod L) we take the limit as u, > u, and get 


y 


These give us the desired algebraic addition formulas. Note that the 
formulas involve only g,, g3 as coefficients in the rational functions. 


go" (u) 
§a'(u) 


1 
ga(2u) = —2g(u) + Al 
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XIV, §4. THE SIGMA AND ZETA FUNCTIONS 


Both in number theory and analysis one factorizes elements into prime 
powers. In analysis, this means that a function gets factored into an 
infinite product corresponding to its zeros and poles. 

In this chapter, we are concerned with the analytic expressions. 

Our first task is to give a universal gadget allowing us to factorize an 
elliptic function, with a numerator and denominator which are entire 
functions, and are as periodic as possible. 

One defines a theta function (on C) with respect to a lattice L, to be 
an entire function @ satisfying the condition 


O(z + u) = O(z)e27™MEMFTl = 7zEC, uel, 


where /| is C-linear in z, R-linear in u, and c(u) is some function depending 
only on u. We shall construct a theta function. 

We write down the Weierstrass sigma function, which has zeros of 
order 1 at all lattice points, by the Weierstrass product 


we L* 60) 


a(z) — 7 I] (: _ 2) e2/@t1/2(z/o)?_ 


Here L* means the lattice from which 0 is deleted, 1.e. we are taking the 
product over the non-zero periods. We note that o also depends on L, 
and so we write a(z, L), which is homogeneous of degree 1, namely 


a(Az, AL) = Ao(z, L), AEC, AFO. 


Taking the logarithmic derivative formally yields the Weierstrass zeta 
function 


(2, L) = (2) = = * y| idl 


(Zz) z ott*|z—-@ @ 


It is clear that the sum on the right converges absolutely and uniformly 
for z in a compact set not containing any lattice point, and hence inte- 
grating and exponentiating shows that the infinite product for a(z) also 
converges absolutely and uniformly in such a region. Differentiating ¢(z) 
term by term shows that 


1 i 1 
02) = — 9) = —3- fe | ono - aa 


Also from the product and sum expressions, we see at once that both 
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o and € are odd functions, that is 
o(—z)=—o(z) and ((—z)=—C(2). 


The series defining ((z, L) shows that it is homogeneous of degree —1, 
that is, 


C(Az, AL) = a (z, L). 


Differentiating the function ¢(z + w) — ¢(z) for any we L yields 0 be- 
cause the g-function is periodic. Hence there is a constant n(@) (some- 
times written 7,,) such that 


C(z + w) = C(z) + n(o). 


It is clear that y(@) is Z-linear in w. If L = [w,,@,], then one uses the 
notation 


n(@,)=n, and n(w.)=7N2. 


As with ¢, the form y(q@) satisfies the homogeneity relation of degree —1, 
as one verifies directly from the similar relation for ¢. Observe that the 
lattice should strictly be in the notation, so that in full, the relations 
should read: 


C(z + w, L) = C(z, L) + n(a, L), 


n(doo, AL) = +n(o, L) 


Theorem 4.1. The function o is a theta function, and in fact 


o(z + @) _ woy(2+00 
a Wy (co) ee +012), 
where 
W(w) = 1 if w/2eL, 


Wo)=-1l if @/2€L. 


Proof. We have 
d i o(z+@) _ 


dz o(z) nla) 
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Hence 
o(z + w) 


log a 


= n(a)z + clo), 


whence exponentiating yields 
a(z + w) = a(zje"?*), 


which shows that o is a theta function. We write the quotient as in the 
statement of the theorem, thereby defining w(m), and it is then easy to 
determine W(q@) as follows. 

Suppose that w/2 is not a period. Set z = —w/2 in the above relation. 
We see at once that w(w) = —1 because o is odd. On the other hand, 
consider 

o(z+2m) a(z +2) o(z + a) 
o(z) a(zt+a@) a(z) — 


Using the functional equation twice and comparing the two sides, we see 
that W(2m) = W(@)*. In particular, if w/2 € L, then 


Ws (co) = W(e/2)’. 
Dividing by 2 until we get some element of the lattice which is not equal 
to twice a period, we conclude at once that w(w) = (—1)?" = 1. 
The numbers ny, and 7, are called basic quasi periods of (. 


Legendre Relation. We have 


N2@, — 41 @2 = 2u. 


Proof. We integrate around a fundamental parallelogram P, just as we 
did for the g-function: 


a, FW) +w2 


a+ Wy 


a+ Ww? 


R 


Figure 4 
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The integral is equal to 


| ¢(z) dz = 2ni )_ residues of ¢ 
oP 


= 2ni 


because { has residue 1 at 0 and no other pole in a fundamental parallel- 
ogram containing 0. On the other hand, using the quasi periodicity, the 
integrals over opposite sides combine to give 


2M, — 1,;@2, 


as desired. 


Next, we show how the sigma function can be used to factorize elliptic 
functions. We know that the sum of the zeros and poles of an elliptic 
function must be congruent to zero modulo the lattice. Selecting suitable 
representatives of these zeros and poles, we can always make the sum 
equal to 0. 

For any ae C we have 


a = Y(w)e™MEt@2enlora 
O\Z a 


Observe how the term n(q@)a occurs linearly in the exponent. It follows 
that if {a;}, {b,$ (i = 1,...,n) are families of complex numbers such that 


> a; = y; b;, 
then the function 

[] o(2 — a;) 

[] o(z — 6) 


is periodic with respect to our lattice, and is therefore an elliptic function. 
Conversely, any elliptic function can be so factored into a numerator and 
denominator involving the sigma function. We write down explicitly the 
special case with the g-function. 


Theorem 4.2. For any aeéC not in L, we have 


_o(z + a)o(z — a) 
o*(z)a7(a) 


99(z) — g(a) = 
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Proof. The function (z) — g(a) has zeros at a and —a, and has a 
double pole at 0. Hence 


o(Z + aja(z—a 
pl) - oa = CCEA OD 

o*(z) 
for some constant C. Multiply by z? and let z->0. Then o7(z)/z? tends 
to 1 and z*g(z) tends to 1. Hence we get the value C = —1/o7(a), thus 
proving our theorem. 


CHAPTER XV 


The Gamma and 
Zeta Functions 


We now come to a situation where the natural way to define a function 
is not through a power series but through an integral depending on a 
parameter. We shall give a natural condition when we can differentiate 
under the integral sign, and we can then use Goursat’s theorem to con- 
clude that the holomorphic function so defined is analytic. 

We shall be integrating over intervals. For concreteness let us assume 
that we integrate on [0, oo[. A function f on this interval is said to be 
absolutely integrable if 


| “fl de 
0 


exists. If the function is continuous, the integral is of course defined as 
the limit 


l 
B-ow JO 


B 
im | | f(t)| dt. 


We shall also deal with integrals depending on a parameter. This 
means f is a function of two variables, f(t, z), where z lies in some 
domain U in the complex numbers. The integral 


\" f(t, z) dt = lim ic z) dt 
0 B 


— CO @] 


is said to be uniformly convergent for ze U if, given ec, there exists Bo 
such that if By < B,; < Bo, then 


< €. 


B2 
| f(t, z) dt 
B, 


408 


[XV, $1] THE DIFFERENTIATION LEMMA 409 


The integral is absolutely and uniformly convergent for ze U if this same 
condition holds with f(t, z) replaced by the absolute value | f(t, z)]. 


XV, §1. THE DIFFERENTIATION LEMMA 


Lemma 1.1. Let I be an interval of real numbers, possibly infinite. Let 
U be an open set of complex numbers. Let f = f(t, z) be a continuous 
function on I x U. Assume: 


(i) For each compact subset K of U the integral 


| f(t, z) dt 


is uniformly convergent for zé€ K. 


(11) For each t the function z+ f(t, z) is analytic. Let 


F(z) = | f(t, z) dt. 
I 
Then F is analytic on U, D, f(t, z) satisfies the same hypotheses as 
f, and 
rea=| D, f(t, z) dt. 
I 
Proof. Let {I,$ be a sequence of finite closed intervals, increasing to I. 


Let D be a disc in the z-plane whose closure is contained in U. Let y be 
the circle bounding D. Then for each z in D we have 


fi2=—- | Me) ae 


(ni |}, C—2z 
SO 
1 (feo 
ems | | Pace 


If y has radius R, center z), consider only z such that |z — zo| S$ R/2. 
Then 


< 2/R. 


1 
(-—2z 
For each n we can define 


1 f(t, 6) 
hea= 5. | PoP ae dt. 
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In view of the restriction on z above, we may interchange the integrals 


and get 
A ) 9) i 6 | I, f( ed ) | ° 


Then F, is analytic by Theorem 7.7 of Chapter III. By hypothesis, the 
integrals over I, converge uniformly to the integral over J. Hence F is 
analytic, being the uniform limit of the functions F, for |z — Z| < R/2. 
On the other hand, F/(z) is obtained by differentiating under the integral 
sign in the usual way, and converges uniformly to F’(z). However 


1 
Fy (z) = Thi | D, f(t, z) dt. 
I, 


This proves the theorem. 


Observe that the hypotheses under which the theorem is proved are 
slightly weaker than in the real case, because of the peculiar nature 
of complex differentiable functions, whose derivative can be expressed as 
an integral. For the differentiation lemma see the Appendix of Chapter 
VIII. 


Example. Let f be a continuous function with compact support on 
the real numbers. (Compact support means that the function is equal to 0 
outside a compact set.) Consider the integral 


F(z) = | : f(De'® dt. 


Let yo < y, be real numbers. The integrand for 


Yo<Imz<y, 


is of the form 


f(te™” _ f(pe™e"” 


and we have |e*| = 1, whereas e~” lies between e~”' and e~°. Since 
f has compact support, the values of t for which f(t) #0 are bounded. 
Hence e‘? is bounded uniformly for yp <Imz< y,. Thus the integral 
converges absolutely and uniformly for z satisfying these inequalities. 
Differentiating under the integral sign yields the integrand 


itf(t)e™, 
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and again the function itf(t) has compact support. Thus the same argu- 
ment can be applied. In fact we have the uniform bound 


litf(te"?| < |t||f(Dle™ 


which is independent of z in the given regions. Therefore we obtain 
F'(z) = | itf(t)e"? dt for yo <Imz<y,. 


As this is true for every choice of yy, y, we conclude that in fact F is 
an entire function. 

The similar result for continuity rather than differentiability from 
Theorem A2 of the Appendix of Chapter VIII can be used. We give here 
another version which will suffice in what follows. 


Lemma 1.2 (Continuity Lemma). Let I be an interval, U an open set in 
the complex numbers, and f(t, z) a continuous function on I x U. As- 
sume that there exists a function o on I which is absolutely integrable 
on I, and such that for all ze U we have 


f(t, z)| S oC). 
Then the function F defined by 


F(z) = | f(t, z) at 


is continuous. 


XV, §1. EXERCISES 


1. For Re(z) > 0, prove that 
° dt 
log z = \ (e'—e *)—. 
0 t 


[ Hint: Show that the derivatives of both sides are equal. ] 


2. Let f be analytic on the closed unit disc. Let 


1e)= | JO a. 
0 + 2 
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Show that J(z) + f(—z)logz is analytic for z in some neighborhood of 0. 
[Hint: First consider z real positive, or if you wish, z with positive real part. 
Use the power series expansion f(t) =} c,t*, and write t=t+z—z. Collect 


terms. The part 
dt 


co 1 
» ex(— 2 i t+2Z 


will give rise to the log term.] 


The Laplace Transform 


3. Let f be a continuous function with compact support on the interval (0, oo[. 
Show that the function Lf given by 


Lf(z) = [- S(the* dt 
9 


is entire. 


4. Let f be a continuous function on [0, oo[, and assume that there is constant 


C > 1 such that 
Ifol<C for to, 


ie. there exist constants A, B such that | f(t)| < Ae™ for all t sufficiently large. 
(a) Prove that the function 


Lf(z) = | ° f(tje * dt 
0 


is analytic in some half plane Re z 2 o for some real number o. In fact, 
the integral converges absolutely for some o. Either such o have no lower 
bound, in which case Lf is entire, or the greatest lower bound a, is called 
the abscissa of convergence of the integral, and the function Lf is analytic 
for Re(z) > o,. The integral converges absolutely for 


Re z 2 05 + €, 


for every « > 0. 
The function Lf is called the Laplace transform of f. 
(b) Assuming that f is of class C', prove by integrating by parts that 


L(f')(z) = 2Lf(z) —f(0). 


Find the Laplace transform of the following functions, and the abscissa of 
convergence of the integral defining the transform. In each case, a is a real 
number # 0. 


5. ftj=e% 6. f(t) = cos at 
7. f(0) = sin at 8. f(t) =(e' + e'Y/2 
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9. Suppose that f is periodic with period a> 0, that is f(t + a) = f(t) for all 
t 20. Show that 


_ feerrf(e) dt 


~ for Rez>O. 
1—e az 


Lf(z) 
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There are two natural approaches to the gamma function. One is via the 
Weierstrass product, and the other is via a Mellin transform integral. 
Certain properties are clear from one definition but not from the other, 
and there is also the problem of proving that the two definitions give the 
same function. There are many variations for achieving all this. I select 
one of them, starting with the Weierstrass product and its consequences, 
which constitute the more algebraic properties of the gamma function. 


Weierstrass Product 


Let » be the Euler constant, that is 
= lim Ppogten 4! logn 
an n= cw 2 n bn): 


By the general theory of Weierstrass products, there is an entire function 
g(z) whose zeros are the negative integers and 0, having the Weierstrass 
product 


9 z 
g(z) = ez || (: + ‘| e72/n 
n=] nh 


We define the gamma function to be T(z) = 1/g(z), so that 


Ti. 1/T'(z) = ze”? |] ( + ‘| elm 


n=1 


Thus the gamma function has poles of order 1 at the negative integers. 
We record at once its logarithmic derivative 


1 0 1 1 
r 2. — P/E (2) = gi/gz) => +7 + ¥ (1 -}), 


The Euler constant is the unique constant such that the Weierstrass 
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product for g satisfies the property 


1 
g(z + 1) = 92) 


and therefore the gamma function satisfies the property 


r 3. T(z + 1) =2T (2). 


To prove this, let g,(z) =z ‘g(z), so that g,(0)= 1. Taking logarith- 
mic derivatives, we find immediately from TF 2 that 


1 © 1 It 
’ 1) = ——— ne 
gig +1) td (a5 ‘) 


= 91/91 (2). 


Indeed, the term with 1/z disappears in the Mittag—Leffler expansion of 
g;/g,, and looking at the partial sums of this expansion, we find that 
they differ from the partial sums of g’/g(z + 1) by a term 1/(z +n + 1) 
which tends to 0 as n tends to oo. Therefore there is a constant C such 
that 

g(z + 1) = Cg, (z). 


Evaluating at z = 0 yields g(1) = Cg,(0) = C, so 


Hence 


log C=y + y ioe(1 +) -*] 
| 


2 1 
yt > login + 1) ~ login — 1] 


l 
LS 


as one sees by looking at the partial sums and using the definition 


1 1 
= ]j 1 —_— ee8 — —_— . 
y im ( +5 + +7 log] 


no 


Hence C = | and we are done. In addition we have also proved that for 
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positive integers n we have 
I 4. I(n) = (n — 1)! and Pd) = 1. 


Next comes the identity 


I 5. T(z) -—z)= 


sin 1Z_ 


To prove this, we note that from the Weierstrass product and Example 
2.4 of Chapter X, 7 


a0 z7\~1 Tt 
T(20(—z) = — p27) = | 
@)I(—2) z? Ul ( *) z sin 12 


Using [ 3 the formula I 5 drops out. . 
Putting z = 1/2 and noting that I(x) is positive when x is positive, we 
get I'(1/2)* =z, and so 


From IT 5 we shall also obtain the residue of I’ at negative integers, 
namely: 


T 6. The residue of T at z=—n forn=0, 1, 2,... is (—1)"/n!. 
To see this, we multiply both sides of [ 5 by (z+ 2) and use the addition 


formula for the sine, to find 


n(z+n) (—1)" 


Z+ I) = oat mrd_a 


We can evaluate the right side at z = —n to be (—1)"/n!, which therefore 
gives the residue from the left side, as desired. Several other proofs will be 
given subsequently. 

Next we compute an alternate version of the Weierstrass product. 
Define 


ga(z) = z(z+ z : wf +n) | 


From the definition of g,(z), we get directly 


“ Z 
(z) =z 1 +2) ek) o2(1+(1/2)+--+(1/n)—log 2) 
9n(Z) IT (( i 
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This product is a partial product for the Weierstrass product of 1/T. 
Thus we obtain the limiting value for the gamma function, that I’(z) = 
lim 1/g,(z), or in other words, 

nO 


nin? 


7. = lin —————_____— 
Mz) jm e+ 1)---(z+n) 


uniformly for z in a compact set not containing 0 or a negative integer. 


The Gauss Multiplication Formula (Distribution Relation) 


Define the entire function 


Then 


N-| 


[[2 (2 + i) = D(Nz)NN?71/2, 
j=0 N 


rs. 


For example, if N = 2 we find the duplication formula 
T(2)P(z + 4) = ./n2!- 1 (22), 


which allows us to express values of the gamma function at half integers 
in terms of gamma values at integers. 

To prove the general formula, the main idea is that the left side and 
right side have the same zeros and poles, so the quotient is an exponen- 
tial function of order 1, so of type AB’, and one has to determine A and 
B. Of course, there is a computational part to the proof, which we carry 
out. So we let 

N-1 
[] Te + j/N) 
j=0 


FN = AB’ =h(z),_ say. 


By using I\(z + 1) = zI'(z) repeatedly, we find 


N= z+ j/N 
h(z + 1) = 
( ) Ue 


h(z) = N~Nh(z). 
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But from the definition of h, we also have h(z + 1) = Bh(z), so 
B=N%. 


There remains to determine A. We can evaluate I'(z)/I'(Nz) at z=0 to 
find N. Hence from the definition of h(z) = AB’ at z = 0, we get 


N-1 
A=h(0)=N I] I'(j/N). 
j= 
In particular, A > 0, and it suffices to compute A”. By I 4 we find: 


A\2 Nz! 
(“) = T] Pu/Nyrd - i/) 
jel 
N-1 N-1 _ 
=n%~! [] (sin 4j/N)* = (2ni)%* [] (et /% — ee). 
J=1 j=l 


But 


N71 . . « . N~-1 * * N~1 ee 
I] (eitJIN _ e7 iniIN) — I] eitiIN I] (1 _ e 2xt/N) — iN-1N, 
j=1 j= j=1 
by using some simple algebraic identities. Indeed, we use 
N~1 
» J=(N — 1N/2, 
j=l 


and we note that e724" (j = 1,...,N — 1) ranges over all N-th roots of 
unity #1. From the factorization 


[] «*-9=x*-1 
(N=1 
we find 
xXN—1 N-1 N-2 
[] *-9=— 7, =X +X Hee $e 
CN=1 ~ 
C#1 


Substituting 1 for X on the right-hand side yields N. Then we note that 
iN- cancels, so (A/N)* = (2n)""'/N. Then formula I'8 drops out. 


Remark. We formulated [8 with the normalized function D so that 
the powers of a disappeared, for three reasons. First, the number of 
factors ./2n which occur is precisely the number of factors in the prod- 
uct. Hence such factors might as well be incorporated from the start into 
the formula. 
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The second reason is that if one lets 


2° 1 
er) 


and if we let ¢’(s, z) denote the derivative with respect to s, then one has 
the Lerch formula 


D(z) = exp(—£'(, 2)). 


Thus the normalization with D(z) gets rid of all extra constants in this 
Lerch formula. See Theorem 3.2 below. 

The third reason is that, when z ranges over rational numbers, then 
the term N*?~*? is a pure fractional root of an integer, and contains no 
transcendental factor involving x. It is a conjecture of Rohrlich that the 
only multiplicative relations of values of the gamma function at rational 
numbers (up to algebraic factors) are those which follow formally from 
3, 5, and the multiplication formula 8. 

Thus we see that the normalization D(z) instead of I'(z) is much nicer 
in several respects. It exhibits the structure of relations involving the 
gamma function in a much clearer way, than when a random constant 
appears to be floating around. 


For another basic example of a distribution relation (or addition for- 
mula) see the exercise of §3, and also Exercises 3, 4 of Chapter XI, §2. 


The (Other) Gauss Formula 


The Gauss Formula which follows is really a corollary of [2. 


9. 


Proof. We start with the simple fact that 


° dt 
(1) log z = | (e — e")> for Re(z)>0. 


0 


Indeed, both sides are analytic in z. We can differentiate under the 
integral sign, and we find 1/z for both sides. Evaluating each side at 
z = 1 we find 0. Hence both sides are equal. 

Then directly from the logarithmic derivative I 2 and using the defini- 
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tion of the Euler constant 


1 1 
y = lim (1454+ flog] 


No 2 N 
we obtain 
N~1 | 
(2) I’/T(z) = lim (ie N —- d ra ) 


Using (1) and 


] 0.8) 
_ e (2tnyt dt, 
ztn Jo 


we see that a partial sum for I’’/T(z) is given by 


Since 


it follows at once that we can take the limit as N-—-oo under the in- 
tegral sign, giving 0 as this limit, and concluding the proof of the Gauss 
formula. 


Remark. Note that 1/t is the principal part of e~%/(1—e7‘) in the 
sense of meromorphic functions in the variable ¢. Subtracting this 
principal part in the integrand makes the integral converge, and is known 
as regularizing the integral. 


From F'9 one immediately obtains: 


T10 =| | _! e~' dt 
; y= 0 1—e! t 
© p-t _ pl 
T 11. T’/T(z) = -7+| > at. 
0 l—e 


420 THE GAMMA AND ZETA FUNCTIONS [XV, §2] 


The Mellin Transform 


We now start all over again. We suppose nothing known about the 
gamma function, and define the Euler integral 


I 12, 


Then the integral fits the hypotheses of Lemma 1.1, provided 
O<asRez<b if O0<a<pb are real numbers. 


Therefore I'(z) is an analytic function in the right half plane. (Give the 
details of the proof that the above integral satisfies the hypotheses of the 
lemma, and write down explicitly what the derivative is.) 


Remarks. An integral of the form 


is called the Mellin transform of a function g. We write dt/t because this 
expression is invariant under ‘‘multiplicative translations’. This means: 
Let f be any function which is absolutely integrable on 0<t<o. Leta 
be a positive number. Then 


| flat) = | * f0. 
0 0 


This is verified trivially by the change of variables formula of freshman 
calculus. Use will be made of this in the exercises. For example, re- 
placing t by nt where n is a positive integer, we obtain 


T oO 
5) = | gnmys A for Re(s) > 0. 
n 0 t 


Summing over n yields what is called the Riemann zeta function of the 
complex variable s. See Chapter XV, §4. 


The Mellin integral for the gamma function converges only for 
Re(z) > 0. We illustrate right away a technique which allows us to give its 
analytic continuation to the whole plane, in the simplest context. We write 
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the integral in the form 


Now we observe that the integral from 1 to oo defines an entire function 


of z, say 
° dt 
H(z) — | e 't? a 
i t 


because the convergence problem for t near 0 has disappeared. For the 


other integral 
i dt 
P(z)=]| ect? —, 


0 


we write down the power series expansion for e' at t=0. We leave to 
the reader the justification that we can interchange the finite integral and 
the series for Re(z) > 0. We perform the integration, which is completely 
elementary, and we then find 


P(z) = y (— 1)" 


n=o n! (2 +n) 


This series converges uniformly for z in any compact subset of the plane 
not containing 0 or a negative integer. Then 


T(z) = P(z) + H(z) 


gives the Mittag—Leffler decomposition of the gamma function in terms 
of its principal parts, and gives one form for its meromorphic continua- 
tion to C. 

Another technique can also be applied. We integrate the Euler integral 
112 by parts, with u=e~', dv = t77! dt, to get: 


In particular, the formula 
(z+ 1) = 2I(z) 
follows directly from the definition with the Euler integral. Inductively we 


obtain 
P(z+n+1) =2(2+1)-+-(z+a)T(z) 
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which can also be written 


_ I * —t4Z+n 
Te) =z esa |, et dt. 


Note that the integral in this last expression is holomorphic in z for 
Re(z) > —n—1, so this expression gives a meromorphic continuation for 
the Euler integral arbitrarily far to the left as n — oo. Putting successively 
z=1, z=2,...,z=.n we can also compute the residues at the negative 
integers and 0 directly from these integral expressions. 


After these remarks, we proceed to the proof that the Euler integral is 
equal to the Weierstrass product for '(z). Integrating by parts, the reader 
will prove easily that for x real > 0, 


@) P12)" dt = 2 = Vanle 


for every integer n > 1. (But first change variables, let t/n = u, dt =n du.) 
We let the reader prove that 


O<e'-—(1—t/n)\"<te'/n for OStK<n.. 


This is done by using the usual technique that if f(0)=g(0) and 
I'() sg (t) for te[0,n], then f(t) < g(t), and also the inequality 
(1+t/n)”<e'. Since f° te‘! dt converges, it follows that we can 
take the limit on the left of (*), and obtain for x real > 0: 


n n ie) 
im | (1 --) | dt = | ep! at. 
nO Jo n 0 


Using I 7 concludes the proof that the Euler integral gives the same value 
as the Weierstrass product, and therefore we have identified the definition 
of the gamma function by means of the Mellin transform in the right half 
plane with the definition by means of the Weierstrass product. Thus the 
Weierstrass product gives the analytic continuation of the Mellin transform 
to a meromorphic function in the whole plane. 


The Stirling Formula 


This formula gives an asymptotic development for the gamma function, 
and the best statement is the one giving an exact error term, as follows. 
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” P,(t) 


1 
r13. log I'(z) = (: — ;) log z —z + 4 log(2z) — | dt, 
2 ee a! 


where P,(t)=t—[t]—4 is the sawtooth function, [t] denoting the 
largest integer <t. One takes the principal value for the log, deleting the 
negative real axis where the gamma function has its poles. The useful- 
ness of the error term involving the integral of P,(t) is that it tends to 0 
uniformly in every sector of complex numbers z = re”’ such that 


—-rn+d<S0<2n—-0O, 0<d<n. 


Figure 1 


When z = n is a positive integer, it is at the level of calculus to prove 
that 


n A/12n 
5) 


ni=n"e "./2nne 


where |A| < 1. Since n! = I'(n + 1), one sees that the asymptotic relation 


nin nte "./2nn 


is a special case of the relation, valid for all |z| > 0: 


T(z) ~ 27 e°7,/2n, 


uniformly in the sector mentioned above. The twiddle sign ~ means 
that the quotient of the left-hand side by the right-hand side approaches 
1, for |z| > oo. 


V4. 
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Proof of Stirling’s Formula 
We shall need a simple formula. 


Euler Summation Formula, Let f be any C' function of a real vari- 
able. Then 


= 
IMs 


F(k) = f(t) dt + (f(n) +f0) + | P,(t)f"() dt. 
Proof. The sawtooth function looks like Fig. 2. Note that 
P(t) = 1 


for ¢ not an integer. 


Figure 2 


Integrating by parts with u = P,(t) and dv = f'(t) dt yields 


k k k 
| POPQdt=POfO| — | F(t) dt 
k-1 k-1 k-1 
k 
= 3(f(k) + fk — 1))- | F(t) dt. 
k~1 
We take the sum from k = 1 tok =n, Adding the integral 


[10 dt and 4(f(n) + f(0)) 


then yields the sum ) f(k) on the right side and proves the formula. 
K=0 


Before going further and applying the formula to the gamma function, 
we evaluate some constants. The first constant will not be used in the 
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Stirling formula, but it will be used in §3, and it gives a simple example 
for the formula, so we derive it now. 


1 f°? Bw 


Proof. We apply Euler’s formula to the function f(x) = 1/(1 + x). 
Then the formula gives 


Lemma 2.1. 


1 i 1/1 n 1 
l+e¢es¢—— = ~(_ 41 dt. 
t5t ti login +) +3(— + )+f LOG pp 


Since P, is bounded, the integral on the right converges absolutely. 
Hence after subtracting log(n + 1) from both sides, the lemma drops out 


by the definition of y. 


Let 
P()=4(t?—1t) for OSt<1, 


and extend P,(t) by periodicity to all of R (period 1). Then P,(n) = 0 for 
all integers n, and P, is bounded. Furthermore, P,(t) = P,(t). 


Lemma 2.2. For z not on the negative real axis, we have 


[’ PO, [° BO 


o ztt o (z+t? — 


The integral is analytic in z in the open set U obtained by deleting the 
negative real axis from the plane, and one can differentiate under the 
integral sign on the right in the usual way. 


Proof. We write 


Integrating by parts on each interval [n,n + 1] gives the identity of the 
lemma. The integral involving P, is obviously absolutely convergent, and 
the differentiation lemma applies. 


Lemma 2.3. 


im | AO a =0. 
yro Jo Iytt 
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Proof. The limit is clear from Lemma 2.2. 
We now apply the Euler formula to the functions 
f(t) = log(z + 1), and es f(t) = log(1 + 2) 


and assume until further notice that z is real >0. Then we have no 
difficulty dealing with the log and its properties from freshman calculus. 
Subtracting the expressions in Euler’s formula for these two functions, 
and recalling that 


[log xx = xlog xx 
we obtain 


z(z + 1):-:(z +n) 


l 
ob Tn + 1) 


= Z log(z + n) + nlog(z + n) — z log z 


—(z+n)+z+ Hlog(z + n) + log z) 
— (n + 1) log(n + 1) + (n + 1) 
— 1— 4 log(n + 1) 


+ the terms involving the integrals of P,(t). 


None of this is so bad. We write 
Zz Zz 
z log(z + n) = z log n(1 + ‘) = zlogn+ og + a) 


The term z log n is just log n?7, and we move it to the other side. 

On the other hand, we note that n+ 1 occurs in the denominator on 
the left, and we move —log(n + 1) from the left-hand side to the right- 
hand side, changing signs. We also make as many cancellations as we 
can on the right-hand side. We end up with 


1 1 1 Z 
—(n+=}logj 1+ —])+{n+-—}log(1+- 
2 n 2 n 
among other expressions. But from the Taylor expansion for large n 
(and fixed z) we know that 


i) 1/1 ! 
iog(1+1)=" + 0( 4) and log(1 +2) =2 + 0(4). 
n n n n n n 
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Therefore it is easy to take the limit as n tends to infinity, and we find 
by T° 7, 


dt. 


1 © P,(t) ~ P, (t) 
og | = — — }] —z7+1+ i — 
(*) | g (z) (- 5) OgZ—Z | i at | pat 


All this is true for positive real z» By Lemma 2.2 the integral on the 
right is analytic in z for z in the open set U equal to the plane from 
which the negative real axis has been deleted. Since the other expressions 


log T(z), z log z, log z, Z 
are also analytic in this open set (which is simply connected) it follows 


that formula (*) is valid for all z in this open set. 
There remains to evaluate the constant. 


Lemma 2.4. 
1+ ; AO ai = 5 log on 
Proof. From 
M2\(—2) = sin za 
we get 
ri = |= 


ye” =e) 


From (*) we get 


2 P(t) | _ ays © Po 
1+ \ i+ at = Re joe I(iy) - (i 5) log(iy) + iy + | iy + at 


= lim login) + 5 log y+ zt [by Lemma 2.3] 
yo 
2mye”” 
= | a 
yn 8 em —e*) 
= 4 log 2n. 


This proves Stirling’s formula. 
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Observe that differentiating under the integral sign involving P, yields 
a good error term for I’/I'(z), namely 


| ° P(t) 
. I’/T(z) =1 —~—4+2 ———{, dt. 
P15 /T(z) = log z > tb 


Remark. To integrate by parts more than once, it is more useful to 
take P,(t) = 4(t? — t + 4) = 4B,(t), where B, is the second Bernoulli poly- 
nomial, and so forth. 


XV, §2. EXERCISES 


1. Prove that: 
(a) I’/P() = —y. 
(b) I’'/P'(4) = —y — 2 log 2. 
(c) I’/FQ)=—-y +1. 


2. Give the details for the proofs of formulas [10 and [11. 


ie @) 


3. Prove that | e'logtdt = —y. 


0 
1 1 i © dt 
—-]|dt+ = 0. 
0 e' — 1 t 1 e! — 1 
5. Let aj,...,a, be distinct complex numbers, and let m,...,m, be integers. 
Suppose that 


4. Show that 


h(z) = II (z+ a;)™ 
i=l 


is an entire function without zeros and poles. 
(a) Prove that there are constants A, B such that h(z) = AB~. 
(b) Assuming (a), prove that m; =0 for all i. 


6. (a) Give an exact value for T'(1/2—n) when nv is a positive integer, 
and thus show that [(1/2—n)-—0 rapidly when n-— oo. Thus the 
behavior at half the odd negative integers is quite opposite to the polar 
behavior at the negative integers themselves. 

(b) Show that (1/2 —n-+ it) — 0 uniformly for real t, as n — 00, n equal to 
a positive integer. 


7. Mellin Inversion Formula. Show that for x > 0 we have 


—xX I ~s 
c= a5 |. x "T'(s) ds, 
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10. 


11. 


where s = o + it, and the integral is taken on a vertical line with fixed real part 
Go > 0, and —co <t< oo. [Hint: What is the residue of x-*I'(s) at s = —n?| 


. Define the alternate Laplace transform L~ by 


00 


L-f(w) = | f(t" dt 


0 


(a) Let f(t) =e” for t20. Show that 
] 
Lf (w) = 7_w for Re(w) < Re(z). 


(b) Let f(t) =¢t%-'e-* for t20. Show that 
Lf(w) =T(w)(z-w)” for Re(w) < Re(z). 


Here (z—w)° is defined by taking —z/2 < arg(z— w) < 2/2. 


. Consider the gamma function in a vertical strip x; < Re(z) S x2. Let a be a 


complex number. Show that the function 
zeT(z+a)/T(z) = h(z) 


has polynomial growth in the strip (as distinguished from exponential growth). 
In other words, there exists k > 0 such that 


|h(z)| = O(|z|*) for |z| 00, z in the strip. 


Let the Paley—Wiener space consist of those entire functions f for which 
there exists a positive number C having the following property. Given an 
integer N > 0, we have 


|| 


| f(x + iy)| <~——_,, 
(1 + |y|)* 

where the implied constant in < depends on f and N. We may say that f is 
at most of exponential growth with respect to x, and is rapidly decreasing, 
uniformly in every vertical strip of finite width. 


If f is C®@ (infinitely differentiable) on the open interval |0,00|, and has 
compact support, then its Mellin transform Mf defined by 


°° dt 
Mf(z) = | f(t)t? — 
0 t 
is in the Paley—Wiener space. [Hint: Integrate by parts. ] 


Let F be in the Paley-Wiener space. For any real x, define the function 
'M,.F by 


'M,.F(t) = | F(z)t? = 


Re z=x 
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The integral is supposed to be taken on the vertical line z = x + iy, with 
fixed x, and —o <y< oo. Show that ‘M,F is independent of x, so can be 
written "MF. [Hint: Use Cauchy’s theorem.] Prove that 'M,F has compact 
support on ]0, oof. 


Remark. If you want to see these exercises worked out, cf. my book SL,(R), 
Chapter V, §3. The two maps M and ‘M are inverse to each other, but one needs 
the Fourier inversion formula to prove this. 


12. Let a, b be real numbers > 0. Define the K-Bessel function 


%0 ino), at 
K 1. K,(a, b) = | eg (a7t+b?/t)4s — 
0 


Prove that K, is an entire function of s. Prove that 
K 2. K,(a, b) = (b/a)*K,(ab), 


where for c > 0 we define 


K 3. K.(c) = \, enettainys 
0 t 

Prove that 

K 4. K,(c) = K_,(c). 

K 5. K,p,(c) = /n/ce~*- 


[ Hint: Differentiate the integral for /x K,,2(x) under the integral sign.] Let 
Xo > 0 and oj So So,. Show that there exists a number C = C(xo, do, 6;) 
such that if x = x, then 


K 6. K,(x) S$ Ce~?*. 
Prove that 
© a — 5 
K 7. ms 
\ ei apt Te 


for Re(s) > 1/2. Also prove that 


K 8. T(s) | ; aaa = 2./n(x/2)*-!?K,_19(x) 


for Re(s) > 1/2. 
[To see this worked out, cf. [La 73], Chapter 20.] 
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XV, §3. THE LERCH FORMULA 


We shall study zeta functions per se in the next section, but here we 
want to give a continuation of the technique used to derive Sterling’s 
formula to obtain an important formula due to Lerch, concerning the 
gamma function. The next section does not depend on this one, and may 
be read independently. 

Let u>0. We introduce the Hurwitz zeta function 


1 
(5; u) = Lace (n + u)> 


The series converges absolutely and defines an analytic function for 

Re(s) > 1. In particular, setting u=1 we obtain the Riemann zeta 
function 

2 | 

C(s) = =) n 


Theorem 3.1. For Re(s)>-—1 we have an analytic continuation of 


C(s, u) given by 
_ uis us ) P,{t) 
MS ty a e+ rt 


Proof. First, for Re(s) > 1, we apply Euler’s summation formula to the 

function 
1 
SO = 

We write down this summation formula with a finite number of terms 
Y f(k), with 1<k <n, and then we let n tend to infinity. The integrals 
in the Euler formula converge uniformly, and the formula of Theorem 3.1 
drops out, except that we still have Re(s) > 1. However, now that we 
have the formula in this range for s, we note that the oscillating integral 
on the right, involving P, as in Lemma 2.2, is uniformly convergent for 
Re(s) > —1, and therefore gives the analytic continuation of C(s, u) in this 
larger domain. Furthermore, by Lemma 1.1 we may differentiate under 
the integral sign, so we get a way of finding the derivative in this large 
domain. 


For each fixed value of u, it is now easy to find the first few terms of 
the power series expansion of C(s, u) at the origin. We put 


Dw =" 


T(u) 


and we let O(s”) denote an analytic function divisible by s? near s = 0. 
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Theorem 3.2. 
C(s, u) = 3 — u — (log D(u))s + O(s’). 
Proof. We use the geometric series for 1/(s — 1) = —1/(1 — s) and use 
u-* = 1—slogu + O(s?). The integral on the right of the formula in 


Theorem 3.1 is holomorphic at s = 0, and its value at s = 0 is obtained 
by substituting s = 0. Thus we find 


ra tt + Os 2), 


C(s, u) = —u(1 — s log u)(1 +9) 4 tse, [* P,(t) 


The formula stated in Theorem 3.2 is now a consequence of Sterling’s 
formula T° 13. 


We denote by ¢’(s, u) the derivative with respect to s. 


Corollary 3.3. 


¢’(0) = —x ; log 20 and C(s) = <7 + y + O(s — 1). 


Proof. For the first expression, put u=1 in Theorem 3.2. For the 
second expression, write s = s — 1 + 1 in front of the integral of Theorem 
3.1. Then the constant term y drops out by using Lemma 2.1. This 
concludes the proof. 


Corollary 3.4 (Lerch Formula). 
log D(u) = —C'(0, u) 
or completely in terms of the gamma function, 
log T'(u) = ¢'(0, u) — ¢’(0). 


Proof. Immediate from the power series expansion of Theorem 3.2, 
and the value of ¢’(0) in Corollary 3.3. 


Remark. We could have replaced u>0O throughout by a complex 
z with Re(z)>0. The formulas converge in this case. Furthermore, 
log I'(z) is analytic for z in the plane from which the half line (—oo, 0] 1s 
deleted, and so from Theorem 3.3 we see that the Lerch formula holds if 
u is replaced by z on this open set. Defining the regularized product 


D(z) = Jin 


T@)’ 
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we obtain the Lerch formula for the complex variable z, namely: 
log D(z) = —€'(0, z). 


This is the most classical and most elementary special case of a general 
formalism concerning regularized products and determinants, which arose 
in many contexts, including physics. The paper by Voros [Vo 87] gives 
a treatment, including several examples from classical partial differential 
equations. See especially Voros’ Section 4, on zeta functions and func- 
tional determinants. For further results, see [JoL 93]. 


[Vo 87] A. Voros, Spectral functions, special functions and the Selberg zeta 
function, Commun. Math. Phys. 110 (1987) pp. 439-465 


[JoL 93] J. JORGENSON AND S. LANG, Basic analysis of regularized series and 
products, Lecture Notes in Mathematics 1564, Springer-Verlag, 1993 


XV, §3. EXERCISE 


1. For each real number x, we let {x} be the unique number such that x — {x} is 
an integer and 0 < {x} <1. Let N be a positive integer. Prove the addition 
formula (distribution relation) 


N-s > ((s, {x + j/N}) = C(s, {Nx}). 


From this formula and Theorem 3.2, deduce another proof for the multiplica- 
tion formula of the gamma function. 


XV, §4. ZETA FUNCTIONS 


In this section, we are concerned more with the zeta function, its analytic 
continuation to the whole plane, and the functional equation. We deal to 
a large extent with the Hurwitz zeta function introduced in the preceding 
section, namely for u > 0, 


analytic for Re(s) > 1. 


t(s,u= 5 


n=o (n+ u)® 


In particular, setting u = 1 we obtain the Riemann zeta function 


1 
C(s) = C(s, I) = X ae 
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We shall now express the Riemann and Hurwitz zeta functions as Mellin 
transforms. We have 


I'(s) = | ee for Re(s) > 0 


0 


a) 
-| erty + ws 
0 t 


after making the multiplicative change of variaoles t-++(n + u)t, which 
leaves the integral invariant. Therefore dividing both sides by (n+ u)° 
and summing, we get for Re(s) > 1: 


roti, y= 29 = ("Secor 


n=0 (n + u)* O 
But 
y eg (ntut _ em ; 
n=0 1 ™ e' 
Therefore, letting 
e “# 
G,(z) = 1 _ ee?’ 


we find 


I'(s)f(s, u) = \- G, (t)t* * 


so the zeta function times the gamma function is the Mellin transform of 
G, . 
We let 


F(z) = ; 
(2) = 


Then 


G,(—2) = ——, = -R@) 


We introduced these functions to get an analytic continuation of the zeta 
function to a meromorphic function on all of C by means of the Hankel 
integral 


H)= | Roe, 
C Z 


where the integral is taken over the contour C as shown on Fig. 3, in 
which K, is a small circle of radius « around the origin. 
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+_— 
—_—_> < 
Figure 3 


As usual, z* = e*'®?, and the log is taken as its principal value on the 
complex plane from which the negative real axis is deleted. Symbolically 


but the integrand in the first and last integral may not be the same, 
corresponding to the two values of z* which differ by a constant. 

The exponential decay of the integrand and Lemma 1.1! show at once 
that H, is an entire function of s. We shall see that it gives the analytic 
continuation for C(s, u), and therefore also for the Riemann zeta function 
by putting u = 1. 


Theorem 4.1. 
H,(s) = —(e'* — e7'*5)T'(s)C(s, u) = —2i sin(xs)T(s)C(s, wu). 


Proof. We change the variable, putting z = —w. Then writing G = G,, 
F = F,, we find 


H,(s) _ om | F(—w)es!e~ dw 
Ww 


oO 


dw 
+| F(—w)es!8w) — 
~K, Ww 
+ eins ° F(—wy)ess™) dw 
€ Ww 


Therefore taking the limit as e€ > 0 (see the lemma below), we find 


dt 


; ” t ; °° 
H,(s) =e | G(t)t® at — e's | G(t)t* — 
0 t 0 y 


. «0 dt 
= —(e'™ _ omy | G(t)t® > 


0 


which proves the theorem, except for proving the lemma. 
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Lemma 4.2. If Re(s) > 1, then 
d 
| G(w)es eat-) 0) as € 30. 
~K, W 
Proof. The length of K, and |dw/w| have a product which is bounded. 
But putting r = |[z| and o = Re(s), we have 
es logz < e? losr _ r’, 


and 
G(z) < 1/r for r—0. 


This proves the lemma. 


Remark. From Theorem 4.1, the fact that H, is an entire function, 
and the fact that the zeros of sin zs at the negative integers and 0 cancel 
the poles of I’(s) at these integers, we see that ¢(s) is holomorphic at these 
integers. We shall determine where ¢(s) has a pole shortly. Before doing 
this, we get the values of ¢ at the negative integers. 


Theorem 4.3. We have 


1 
C(s, u) = —-—T — s)H,(9). 
2ni 
In particular, if n is a positive integer, then 


1 
e(1 —n, u) = —5_ P(A — 0) 


and 
l—n,u 
cane = —residue of F,(z)z" at z = 0. 
In particular, letting B, denote the Bernoulli numbers, we find 


¢(1—n= —*B, except for C(O) = B, = —3. 


Proof. Observe that when s = 1 —n in the Hankel integral, then the 
integrand is a meromorphic function, and so the integrals from —oo to 
—e and from ~—e to —oo cancel, leaving only the integral over K.. We 
can then apply Cauchy’s formula to get the stated value. The assertion 
about the value of the zeta function at negative integers then comes 
immediately from the definition of the Bernoulli numbers in terms of the 
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coefficients of a power series, namely 


-yB 
n=0 


t" 


Next we shall obtain an expression for the Hankel function which will 
lead to the functional equation. 


Theorem 4.4. For Re(s) < 0 we have 


e2tiuny ins/2 __ eo 2niun ,—ins/2 


H,(s) = (—2n)° “ oe ee 


n 


2i ee + ms/2) 


Proof. Let m be an integer 2 2, and let D,, be the path indicated on 
Fig. 4, consisting of the square and the portion of C inside the square, 
with the given orientation. 


(m + 5)2ni 


(m + 4)2n 


Figure 4 


Thus the square crosses the axes at half integral multiples of 27i. Let 
R,, = residue of F(z)z** at 2xin, n#0, —m<n<m. 


Then 


n=—m 
n#0 


| F(z)z*8 — a = —2ni y R,. 
D,. Z 
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For n= 1 we have 


1 ,, . 
R, — 5 er in(danyre™”, 
I —2ni —1_,—ins/2 
R_, =—e ~"™"(2an)*“e 
—l 


Note that F(z)/z is bounded on the outside square. Hence if Re(s) < 0, 
the Hankel integral over the outside square tends to 0 as m— oo. Hence 


mo 


H,(s) = | F(2)29 = lim | F()23 2 
C Z Z 


m 


and the theorem follows. 


We apply Theorem 4.4 to the Riemann zeta function, taking u = 1. 
Then for Re(s) < 0, we obtain 


ixs/2 __ e) ins/2 


H,(s) = —Qny Y ——— 


and therefore using Theorem 4.2: 


Theorem 4.5. 


¢(s) = (2n)T(1 — jes? 


CU — s). 


Observe that the formula of Theorem 4.5 was derived at first when 
Re(s) <0 so that the series ) 1/n’~* converges absolutely. However, we 
know from Theorem 4.1 that {(s) is a meromorphic function of s, so that 
quite independently of the series representation in any region, the relation 
of Theorem 4.5 holds unrestrictedly for all s by analytic continuation. 
We may reformulate the functional equation relating C(s) and C(1 — s) in 
another more symmetric form as follows. 


Theorem 4.6. Let &(s) = s(s — 1)x~8?T(s/2)C(s). Then € is an entire 
function satisfying the functional equation 


o(s) = ¢(1 — s) 


The zeta function itself is meromorphic, and holomorphic except for a 
simple pole at s = 1. 


Proof. The term s(s — 1) remains unchanged under the transformation 
st++1—s. That the other factor x~‘*I(s/2)C(s) remains unchanged fol- 


[XV, §4] ZETA FUNCTIONS 439 


lows at once from Theorem 4.5, using the formulas 


7 


T(s)FU — s) = and =: I'(s)I'(s + 4) = 2n!?2-5T-(25). 


sin 7s 
We leave the actual easy computation to the reader. As to the fact that 
¢(s) is an entire function, and that s = 1 is the only pole of f(s), we argue 
as follows. From Theorem 4.1, from the fact that H, is entire, and that 
the zeros of sin(zs)I(s) occur only at the positive integers, we see that 
¢(s) can have poles only at the positive integers. But the series } 1/n‘ 
shows that ¢(s) is holomorphic for Re(s) > 1, so the only possible pole is 
at s=1. From Theorem 4.5, we see that s = 1 is actually a pole of order 
1, coming from the pole of (1 —s), since the other expressions on the 
right of the formula in Theorem 4.5 are analytic at s = 1. This concludes 
the proof of Theorem 4.6. 


XV, §4. EXERCISES 


1. (a) Show that ¢(s) has zeros of order 1 at the even negative integers. 
(b) Show that the only other zeros are such that 0 < Re(s) < 1. 
(c) Prove that the zeros of (b) actually have Re(s) = 1/2. [You can ask the 
professor teaching the course for a hint on that one. ] 


2. Define F(z) = &(5 + iz). Prove that F(z) = F(—z). 


3. Let C be the contour as shown on Fig. 3. Thus the path consists of ]—oo, —€], 
the circle which we denote by K,, and the path from —e to —oo. On the 
plane from which the negative real axis has been deleted, we take the principal 
value for the log, and for complex s, 


27 5 es log z 


The integrals will involve z*, and the two values for z* in the first and third 
integral will differ by a constant. 
(a) Prove that the integral 


e*z S dz 


defines an entire function of s. 
(b) Prove that for Re(1 — s) > 0 we have 


o 8) 
| e*7z ‘dz = 2isin 7s | e “u’S du. 
Cc 0 


(c) Show that 
1 1 
an SS Zz * dz. 
T(s) 2ni | ce 


The contour integral gives another analytic continuation for 1/T'(s) to the 
whole plane. 


CHAPTER XVI 


The Prime Number Theorem 


At the turn of the century, Hadamard and de la Vallee Poussin indepen- 
dently gave a proof of the prime number theorem, exploiting the theory 
of entire functions which had been developed by Hadamard. Here we 
shall give D.J. Newman’s proof, which is much shorter. I have also 
benefited from Korevaar’s exposition. See: 


D.J. NEWMAN, Simple analytic proof of the prime number theorem, Amer. 
Math. Monthly 87 (1980) pp. 693-696 


J. KOREVAAR, On Newman’s quick way to the prime number theorem, Math. 
Intell. 4, No. 3 (1982) pp. 108-115 


See also [BaN 97]. Newman’s proof illustrates again several techniques of 
complex analysis: contour integration, absolutely convergent products in a 
context different from Weierstrass products, and various aspects of entire 
functions in a classical context. Thus this chapter gives interesting more 
advanced reading material, and displays the versatility of applications of 
complex analysis. 

In Chapter XV we touched already on the zeta function, and gave a 
method to prove the functional equation and the analytic continuation to 
the whole plane by means of the Hankel integrals. Here we shall develop 
whatever we need of analysis from scratch, but we assume the unique 
factorization of integers into primes. 

We recall the notation: if f; g are two functions of a variable x, 
defined for all x sufficiently large x, and g is positive, we write 


f = O(9) 


to mean that there exists a constant C >0 such that | f(x)| < Cg(x) for 
440 
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all x sufficiently large. Thus a function f =O(1) means that f is 
bounded for x 2 Xo. 


XVI, §1. BASIC ANALYTIC PROPERTIES OF 
THE ZETA FUNCTION 


Let s be a complex variable. For Re(s) > 1 the series 


i 
n=1 n* 


converges absolutely, and uniformly for Re(s) = 1+ 6, with any 6>0. 
One sees this by estimating 


1 


Ss 


n 


and by using the integral test on the real series ) 1/n'*°, which has 
positive terms. 

As you should know, a prime number is an integer = 2 which is 
divisible only by itself and 1. Thus the prime numbers start with the 
sequence 2, 3, 5, 7, 11, 13, 17, 19, .... 


Theorem 1.1. The product 


converges absolutely for Re(s) > 1, and uniformly for Re(s) = 1 + 6 with 


6 > 0, and we have 
1 —l 
p p 


Proof. The convergence of the product is an immediate consequence 
of the definition given in Chapter XIII, §1 and the same estimate which 
gave the convergence of the series for the zeta function above. In the 
same region Re(s) 2 1+ 06, we can use the geometric series estimate to 
conclude that 


Using a basic fact from elementary number theory that every positive 
integer has unique factorization into primes, up to the order of the 


442 THE PRIME NUMBER THEOREM [XVI, §1] 


factors, we conclude that in the product of the terms E,(s) for all primes 
p, the expression 1/n* will occur exactly once, thus giving the series for 
the zeta function in the region Re(s) > 1. This concludes (Euler’s) proof. 


The product 


is called the Euler product. The representation of the zeta function as 
such a product shows that f(s) #0 for Re(s)>1. We shall refine this 
statement to the line Re(s) = 1 in Theorem 1.3. 

In Exercise 5 of Chapter XV, §2, we gave one method to show how 
the zeta function extends to a meromorphic function on the whole plane. 
We do not use this exercise but reprove ad hoc what we need for the 
application to the prime number theorem in the next section. 


Theorem 1.2. The function 
¢(s) — 


extends to a holomorphic function on the region Re(s) > 0. 


Proof. For Re(s) > 1, we have 


¢(s) — 


“3G De 


We estimate each term in the sum by using the relations 


b 
f(b) — f@) -| f(jdt andso  |f(b)—f@ls max x IS (|b — al. 


Therefore each term is estimated as follows: 


n+1 1 
I Gems) 
n n XxX 


1 
n* 


nSxSnti 


Thus the sum of the terms converges absolutely and uniformly for 
Re(s) > 6. This concludes the proof of the theorem. 
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We note that the zeta function has a certain symmetry about the 
x-axis, namely 


¢(5) = C(5). 


This is immediate from the Euler product and the series expansion of 
Theorem 1.2. It follows that if sy is a complex number where ¢ has a 
zero of order m (which may be a pole, in which case m is negative), then 
the complex conjugate 5, is a complex number where ¢ has a zero of the 
same order m. 


We now define 


(x) = y log p and M(s) = y “2 for Re(s)> 1. 
psx 


Pp 


The sum defining ®(s) converges uniformly and absolutely for 
Re(s) 2 1 + 0, 


by the same argument as for the sum defining the zeta function. We 
merely use the fact that given € > 0, 


logn <n‘ for all n= njQ(e). 


Theorem 1.3. The function ® is meromorphic for Re(s) >4. Further- 
more, for Re(s) 2 1, we have C(s) #0 and 


1 
@(s) — sn 


has no poles for Re(s) 2 1. 


Proof. For Re(s)>1, the Euler product shows that C(s)#0. By 
Chapter XIII, Lemma 1.2, we get 


l 
~c'/(sy=5 2 


pp —l 


Using the geometric series we get the expansion 


1 1 1 -T(1+ teat) 
ps—1 p> 1—1/p° ps ps p?s 
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SO 


(+) —'/C(s) = B(s) + Sh, (s) where jh, (s)| < cle & P 


Ip**| 


for some constant C. But the series ) (log n)/n?* converges absolutely 
and uniformly for Re(s)24+ 6, with 6>0, so Theorem 1.2 and () 
imply that ® is meromorphic for Re(s) > 4, and has a pole at s=1 and 
at the zeros of ¢, but no other poles in this region. 

There remains only to prove that ¢ has no zero on the line Re(s) = 1. 
We follow Titchmarsh, Theory of the Riemann zeta function, III, 3.3 and 
3.4. Put s=o+it. Then 


C(s) = exp > — op ; 


Pp m=) 
SO 


I¢(s)| = _ exp). ae ae WE P) 


Pp m=! 


It follows that 
(1) C(@)E(o + it)|"1E(o + 2i2) 


3+4cos(mt lo + cos(2mt lo 
=o > £ Dp) ( EP) 


mp”? 
From the positivity 
(2) 3+4 cos 6+ cos 26 = 2(1 + cos 6)” = 0, 
it follows that 
(3) Cla)\C(ot i |C(o+2it)}>1 for o>1. 


Fix t #0. Suppose €(1+it)=0. Then for g>1, ¢- 1, 
G(a)=O(1/(o-1)°) and = f(a +. 2it) = O(1), 


but ¢(a+ it) = O(a —1). Hence the left side of (3) is O(a—1), con- 
tradiction. This proves Theorem 1.3. 


It will be convenient to have an integral expression for ®. 


Proposition 1.4. For Re(s) > 1 we have 


M(s) = s ° Pl) dx. 
1 x 
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Proof. To prove this, compute the integral on the right between suc- 
cessive prime numbers, where @ is constant. Then sum by parts. We 
leave the details as an exercise. 


XVI, §1. EXERCISES 


1. Let f; g be two functions defined on the integers >0 and <n+1. Assume 
that f(n+ 1)=0. Let G(k) = g(1) + --- + g(k). Prove the formula for summa- 
tion by parts: 


» F(k)g(k) = » (f(k) — fk + 1))G(b). 


2. Prove the integral expression for ® in Proposition 1.4. 


3. Let {a,} be a sequence of complex numbers such that )° a, converges. Let {b,} 
be a sequence of real numbers which is increasing, 1e. b, < b,,, for all n, and 
b,—+ oo asn—oo. Prove that 


Does this conclusion still hold if we only assume that the partial sums of ) a, 
are bounded? 


4. Let {a,} be a sequence of complex numbers. The series 


a 


Ms 
ls 


14 


n 


1s called a Dirichlet series. Let o,) be a real number. Prove that if the 
Dirichlet series converges for some value of s with Re(s)=o,, then it con- 
verges for all s with Re(s) > o,), uniformly on every compact subset of this 
region. 


5. Let {a,} be a sequence of complex numbers. Assume that there exists a 
number C and o, > 0 such that 


la, +-:'+a,| Cn” for all n. 


Prove that }’ a,/n* converges for Re(s) > o,. [Use summation by parts.] 
6. Prove the following theorem. 
Let {a,} be a sequence of complex numbers, and let A, denote the partial sum 
A, =a, +°°'+4,. 
Let 0 < o, < 1, and assume that there is a complex number p such that for all n 


we have 
|A, —np| < Cn”, 
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or in other words, A,=np + O(n"). Then the function f defined by the 
Dirichlet series 


a 
fiy=> "3 for Re(s)>1 
has an analytic continuation to the region Re(s) > o,, where it is analytic except 


for a simple pole with residue p at s = 1. 


[ Hint: Consider f(s) — p£(s), use Theorem 1.2, and apply Exercise 5.] 


XVI, §2. THE MAIN LEMMA AND ITS APPLICATION 


We shall now deal with the more number theoretic applications of the 
analytic properties. We shall state one more fundamental analytic theo- 
rem, and show how it implies the prime number theorem. 


Theorem 2.1 (Chebyshev). g(x) = O(x). 


Proof. Let n be a positive integer. Then 


2m = (1+ =) i = (") 2 Il p=enwne. 
J 


j n<pS2n 


Hence we get the inequality 
o(2n) — eo(n) S 2n log 2. 


But if x increases by 1, then q(x) increases by at most log(x + 1), 
which is O(log x). Hence there is a constant C > log 2 such that for all 
xX 2 X9(C) we have 

p(x) — p(x/2) S Cx. 


We apply this inequality in succession to x, x/2, x/2?, ...,x/2” and sum. 
This yields 
o(x) S$ 2Cx + O(1), 


which proves the theorem. 


We shall now state the main lemma, which constitutes the delicate 
part of the proof. Let f be a function defined on the real numbers 2 0, 
and assume for simplicity that f is bounded, and piecewise continuous. 
What we prove will hold under much less restrictive conditions: instead 
of piecewise continuous, it would suffice to assume that the integral 


| | f(t)| at 
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exists for every pair of numbers a, b20. We shall associate to f the 
Laplace transform g defined by 


g(z) = \° f(t)e~™ dt for Re(z) > 0. 


0 


We can then apply the differentiation lemma of Chapter XV, §1, whose 
proof applies to a function f satisfying our conditions (piecewise continu- 
ous and bounded). We conclude that g is analytic for Re(z)>0. (Do 
Exercise 1.) 


Lemma 2.2 (Main Lemma). Let f be bounded, piecewise continuous on 
the reals 20. Let g(z) be defined by the above integral for Re(z) > 0. 
If g extends to an analytic function for Re(z) = 0, then 


| f(t) dt exists and is equal to g(0). 
0 


We postpone the proof of the main lemma to the next section, and now 
give its application. Observe that the function @ is piecewise continuous. 
In fact, it is locally constant: there is no change in @ between prime 
numbers. 

The application of the main lemma is to prove: 


Lemma 2.3. The integral 
| Ol) =X 4, 
1 x 
converges. 


Proof. Let 
_ gfe')—e' 


fl.) = oee* — 1 = 


Then f is certainly piecewise continuous, and is bounded by Theorem 
2.1. Making the substitution x = e’ in the desired integral, dx = e' dt, we 


see that 
| HO ax = | fo) dt. 


1 0 


Therefore it suffices to prove that the integral on the right converges. By 
the main lemma, it suffices to prove that the Laplace transform of f is 
analytic for Re(z) 20, so we have to compute this Laplace transform. 
We claim that in this case, 

@(z+1) 1 


z+1 Zz 


g(z) = 
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Once we have proved this formula, we can then apply Theorem 1.3 to 
conclude that g is analytic for Re(z) 20, thus concluding the proof of 
Lemma 2.3. 

Now to compute g(z), we use the integral formula of Proposition 1.4. 
By this formula, we obtain 


M(s) 1 
s  s—l 


x stl 


-{" P(x) — x 5 


Therefore 


i ee 
Z 


z+1 x7*? 
© (et) — et 
-| gle)—e )- ee! dt 
0 e 


= \" f(t)e~™ dt. 
0 ' 


This gives us the Laplace transform of f, and concludes the proof of 
Lemma 2.3. 


Let f, and f, be functions defined for all x 2 x9, for some x5. We 
say that f, is asymptotic to f,, and write 


fi~f,  ifandonly if = lim f,(x)/f,() = 1. 


Theorem 2.4. We have (x) ~ x. 


Proof. The assertion of the theorem is logically equivalent to the 
combination of the following two assertions: 


Given 4 > 1, the set of x such that (x) 2 Ax is bounded; 
Given 0 < 4 < 1, the set of x such that (x) S Ax is bounded. 


Let us prove the first. Suppose the first assertion is false. Then there is 
some A> 1 such that for arbitrarily large x we have ~(x)/x = A. Since @ 
is monotone increasing, we get for such x: 


Ax — ft Ax _ A yi — 
PO- tas | Baty KW dt >0. 
t? t? 1 wt 


x x 


The number on the far right is independent of x. Since there are arbi- 
trarily large x satisfying the above inequality, it follows that the integral 
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of Lemma 2.3 does not converge, a contradiction. So the first assertion 
is proved. The second assertion is proved in the same way and is left to 
the reader. 

Let x(x) be the number of primes < x. 


Theorem 2.5 (Prime Number Theorem). We have 


x 
log x 


(x) 


Proof. We have 


and given € > 0, 


o(x)= > logp= S> (1-6) logx 


xl-*<p<x x!~€ Spx 
= (1 —e) log x{z(x) + O(x'~*)). 


Using Theorem 2.4 that g(x) ~ x concludes the proof of the prime num- 
ber theorem. 


XVI, §2. EXERCISE 


1. Prove the lemma allowing you to differentiate under the integral sign in as 
great a generality as you can, but including at least the case used in the case 
of the Laplace transforms used before Lemma 2.2. 


XVI, §3. PROOF OF THE MAIN LEMMA 
We recall the main lemma. 


Let f be bounded, piecewise continuous on the reals = 0. Let 


g(z) = ° f(the” dt for Re(z) > 0. 


0 


If g extends to an analytic function for Re(z) 2 0, then 


| f(t) dt exists and is equal to g(0). 
O 
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Proof. For T > 0 define 


9r(Z) = | ; f(the™™ dt. 


Then gy is an entire function, as follows at once by differentiating under 
the integral sign. We have to show that 


tim g7(0) = g(0). 


Let 6 > 0 and let C be the path consisting of the line segment Re(z) = — 
and the arc of circle |z| = R and Re(z) 2 —6, as shown on the figure. 


By our assumption that g extends to an analytic function for Re(z) = 0, 
we can take 6 small enough so that g is analytic on the region bounded 
by C, and on its boundary. Then 


dz 1 
Tz 1 
g(0) — gr(0) = x |, (9(z) — gr(z))e ( + an)¢ 7 on | H(z) dz, 
where H,(z) abbreviates the expression under the integral sign. Let B be 
a bound for f, that is | f(t)| < B for all t = 0. 


Let C* be the semicircle |z| = R and Re(z) =0. Then 


1 2B 
a | H(z) dz 
2Ti ct 


(1 


S 
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Proof. First note that for Re(z) > 0 we have 


\g(z) — gr(z)| = | f(je™ dt sB| le™| dt 
T T 
_ B e Ret)T. 
Re(z) 
and for |z| = R, 
z*\ 1 R z\1 2|Re(z)| 
Tz 1 “yet pRe@)T] “| = — pRe)T ; 
° (+5)4 eC le RRS R? 


Taking the product of the last two estimates and multiplying by the 
length of the semicircle gives a bound for the integral over the semicircle, 
and proves the claim. 


Let C~ be the part of the path C with Re(z) <0. We wish to estimate 


1 *\d 
a |. (g(2) - sn(ae™(1 + i) =. 


Now we estimate separately the expression under the integral with g and 
GT: 


We have 


(2) 


1 tr z* \ dz 
sr |, 10 Gre 


Proof. Let S~ be the semicircle with |z| = R and Re(z) < 0. Since gz 
is entire, we can replace C” by S~ in the integral without changing the 
value of the integral, because the integrand has no pole to the left of the 
y-axis. Now we estimate the expression under the integral sign on S. 
We have 


\gr(z)| = 


T 
<B | eo Relz)t dy 


0 


|. f(tle~* dt 


0 


Be ~Re@t 
< —W. 
— —Re(z) 


For the other factor we use the same estimate as previously. We take 
the product of the two estimates, and multiply by the length of the 
semicircle to give the desired bound in (2). 
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Third, we claim that 


2 
(3) | g(z)e™ (1 +3) . >-0 as T-o. 
c- 


Proof. We can write the expression under the integral sign as 


2 
1 
ade (1 + ia) —_ h(z)e?? where h(z) is independent of T.: 


Given any compact subset K of the region defined by Re(z) < 0, we note 
that 
e'?-+0 rapidly uniformly for ze K, as T > oo. 


The word “rapidly” means that the expression divided by any power T* 
also tends to 0 uniformly for z in K, as T— oo. From this our claim (3) 


follows easily. (Put the details as an exercise.) 


We may now prove the main lemma. We have 


| f(t) dt = lim g,(0) if this limit exists. 
To 


0 


But given ¢e, pick R so large that 2B/R <e. Then by (3), pick T so large 


that 
2\ dz 
Tz 1 a 
|, ater (1-+32)$ 


Then by (1), (2), and (3) we get |g(0) — g,(0)| < 3e. This proves the main 
lemma, and also concludes the proof of the prime number theorem. 


< €. 


Appendix 


The purpose of this appendix is to collect miscellaneous topics which are 
relevant to the theory of complex analysis, but which were not formally 
treated in the text for various reasons. 

We first start by working out systematically some topics which were 
assigned as exercises. I think it is better for students to have attempted 
to solve some non-routine problems. If they have done so unsuccessfully, 
then they are much more ready to appreciate how the problems are 
worked out, and they will remember the method of proof better for 
having tried and possibly failed. The first four sections are basically of 
this type, and are related to linear algebra. 

The last two sections deal with the extension of Cauchy’s formula to 
C® functions, and presents a topic usually omitted from the course 
entirely, but I think it provides a nice mixture of real and complex 
analysis which I want to make available for independent reading. 


APP., §1. SUMMATION BY PARTS AND 
NON-ABSOLUTE CONVERGENCE 


Although non-absolute convergence is more delicate and peripheral to 
this course, we shall nevertheless give a brief discussion of one of its most 
important aspects. We first state a formula. 


Lemma 1.1 (Summation by Parts). Let {a,}, {b,} (k =0,1,...) be two 
sequences of complex numbers. Let the partial sums for {b,} be 


453 
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Then 
n n-1 
y; a,b, = a,B, — y; B(Ay+1 — 4): 
k=0 k=0 


This is similar to integration by parts: { udv = uv —Jvdu. We leave the 
proof to the reader; it is very easy. We apply summation by parts in the 
following case. 


Proposition 1.2. Let {a,} (k =0,1,...) be a monotone decreasing se- 

quence of real numbers whose limit is 0. 

(a) Let {b,} be a sequence of numbers such that the partial sums B, 
are bounded. Then 


converges. 

(b) Let {a,} be a monotone decreasing sequence of real functions on a 
set, converging uniformly to 0. Let {f,} be a sequence of complex 
functions on the set, and let 


Fy@)= Yh 


be the partial sums of the series )\ f,. Assume that the partial 
sums are uniformly bounded, i.e. there exists M > 0 such that for 
all n we have |F,(z)| <M for all z. Then the series )\ a,f, con- 
verges uniformly. 


Proof. Let 


be the partial sum of the series )\ a,b,. We have to estimate |S, — S,,| for 
m, n large. Let |B,| < M for all n. Then 


|B, — B,| < 2M for all m,n. 
By Lemma 1.1, for n > m, 
Si — Sn = » a,b, = 4,(B, — B,,) — » (B, — Bn) (Ax+1 — 4%) 
k=m+1 k=m+1 


n-1 
— a,(B,, _ B,) + oy (B, ~~ B,,) (ay ~~ Ay +1). 
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By convention, the sum on the right side is 0 ifn =m+ 1. Then we get 


n—-1 
IS, — Sml S4,2M+ Yo 2M(a,—a,4;) (because a, — a,,, = 0) 


k=m+1 


Ss a,2M + 2M (An+1 ~ a,) = 2May+1- 


Given ¢, we can select ng such that a,, < ¢/2M for m2 ny because of the 
assumption on the sequence {a,}. Then the right side is <e, thus con- 
cluding the proof for the series of numbers. 

For part (b), concerning the series of functions, we merely replace b, 
by f,(z) for each ze S. Then the above estimate gives the uniform esti- 
mate for the partial sums |S,(z) — S,,(z)|, thus concluding the proof of the 
theorem. 


The next proposition is a variation. 


Proposition 1.3. Let {a,} be a sequence of non-negative real numbers, 
monotone decreasing (not necessarily to 0). Let {b,} be a sequence of 
complex numbers such that ¥° b, converges. Then Y° a,b, converges. 


Proof. This proposition is a corollary of the preceding one, as follows. 
We let a=lima,, and a,=a,—a. Then {a,} is a sequence which de- 
creases monotonically to 0. But 


Y; a,b, = Y (a, — ab, + ¥; ab, = Y anh, + a Y by. 


Thus if 5° b, converges, we can apply Proposition 1.2 to conclude the 
proof. 


From the same estimate applied uniformly, we obtain: 


Proposition 1.4. Let {a,} be a monotone decreasing sequence of 
bounded non-negative real functions on some set. Let { f,} be a sequence 
of complex functions on the set such that > f, converges uniformly. 
Then ) a,f,, converges uniformly. 


As an example of summation by parts, we work out one of the 
exercises in the text, namely Abel’s theorem. 


Theorem 1.5. Let {a,} be a sequence of complex numbers such that 


San converges. Assume that the power series )}a,z" has radius of 
convergence at least 1. Let f(x) = 5 >a,x" for0Sx<1. Then 


lim f(x) = ¥ a,,. 
x71 
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Proof. Let A= )° a,, A, = ), a. Consider the partial sums 
k=1 k=1 


s,(X) = y a,x". 


We first prove that the sequence of partial sums {s,(x)} converges uni- 
formly for 0 <x <1. For m<n we have 


(1) S02) — Sq(2) = Yi xtay = X"Ay — Ager) 
+S (Ay Ames) Ge — 22). 
k=m+1 


There exists N such that for k, m2 N we have |A, — A,,4,| <«¢. Hence 
forO<x <1, 


(2) s,(x) — sO) Sete Yo (xt— xh) 
k=m+1 


=€e+e(x™t! — x") 
< 2e. 
This proves the uniformity of the convergence of {s,(x)}. 


Now given ¢, pick N as above. Choose 6 (depending on N) such that 
if |x — 1| < 6, then 


(3) |Sy(x) — Ay <€. 
By (1), (2), (3), we find that 


[f(x) — A] SI F(X) — 5,00] + 15,0) — sy(x)| + [5y(x) — Ayl + [Ay — Al 
< | f(x) — s,(x)| + Se, for all n= WN and |x — 1| <6. 


For a given x, pick n so large (depending on x!) so that the first term is 
also < €, to conclude the proof. 


We conclude this section with a theorem on Dirichlet series. 
We shall consider series 


29) An 
ws? 
n=] n 
where {a,} is a sequence of complex numbers, and s is a complex 
variable. We write s=oa-+ it with og, t¢ real. 
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Theorem 1.6. If the Dirichlet series S\a,/n* converges for some s = So, 
then it converges for any s with Re(s) > o9 = Re(so), uniformly on any 
compact subset of this region. 


Proof. Write n° = n%n-%), and sum the following series by parts: 


a, 1 
Ser: nis—So) 


If Pn(so) = >-7, 1) 4@m/m®, then the tail ends of this Dirichlet series are 
given for n >m by 


Md 1 _ Pals) | 5 Pts) pe 1 |- Pm(S0) 
k 


k=m+1 k* ke nv =m+1 ks~% (k + 1)" (m+1)*” 
We have 
l 1 k+l 4 
ks-50 (k+1)*™ = (5 — 50) | aes dx, 


which we estimate easily in absolute value. If 6 > 0 and Re(s) 2 a) + 6, 
then we conclude that our tail end is small uniformly if |s — so| is bounded. 
This proves the theorem. 

Assuming that the Dirichlet series converges for some s, if oo is the 
smallest real number such that the series converges for Re(s) > oo, then we 
call go the abscissa of convergence, and we see that the series converges in 
the half plane to the nght of the line ¢ = ao, but does not converge for 
any s with a < 9. 

If the Dirichlet series converges for s; = o; + it,;, then we must have 


An = O(n") 
because the n-th term of the series a,/n" tends to 0. It follows in par- 
ticular that the Dirichlet series converges absolutely and uniformly on 
compacts for 


Re(s) 20, +1+6, 


if 6 > 0. This is immediately seen by comparison with the series )> 1/n!*?. 


APP., §2. DIFFERENCE EQUATIONS 


Let u,, ...,4, be given complex numbers. We want to determine all 
solutions (a), a,,...) of the equation 


(*) a, = u,a,-; 2 in Uga,-a for all n 2 d. 
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Such solutions are therefore infinite vectors 
(gy «+ +5Ag—15 Ags -++5Ans +++), 


and they form a vector space, this being immediately verified directly 
from the definitions. Observe that a given d-tuple (do,...,a,-,) deter- 
mines uniquely the infinite vector which is a solution of (*) and projects 
on this d-tuple. Let S be the space of solutions and let Sz be the d- 
dimensional space of the first d coordinates. Then the projection 


SS, 


is injective, and it is obviously surjective, so S is a vector space of 
dimension d. We want to find a basis for S, or even better, given a 
d-tuple (dp,...,d4-1) We want to express the corresponding solution in 
terms of this d-tuple and u,, ...,u,. 
Let 
P(X) = X? — (u, X41! +°°+ + ug). 


We call P(X) the characteristic polynomial of the equations (*). Let « be 
a root of P(X). Then it is immediately verified that putting a, = a” for 
n=d gives a solution of (*). Thus we have found a solution for each 
root of the characteristic polynomial. Note that if « = 0, then by conven- 
tion 0° = 1 and 0" = 0 for n = 1, so the solution with n = 0 is 


(1, 0,0,...). 


Note that a = 0 implies u, = 0. 
Also we note that the solution a, =a" for n2d has the beginning 
segment 


(dg, ...,4g-1) = (1, a, ...,047'), 


which determines a, uniquely for n 2 d by the difference equations («). In 
particular, for this solution we have a, = «" for all n = 0. 


One knows from elementary algebra that P has at most d distinct 
roots. 


Theorem 2.1. Suppose that P(X) has d distinct roots a,, ...,%,. Then: 
all solutions of (*) are of the form 


Gy, = bya” +++ + bya 
with arbitrary numbers b,, ...,b,. 


Procf. It will suffice to prove that the solutions (a7), ...,(a7) are 
linearly independent, because then they form a basis for the space S of 
solutions. 
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Suppose there is a relation of linear dependence, that is 
bait: + ba; =0 for all n2O. 


Looking at the first d equations (with n=0,...,d — 1) we see that the 
determinant of the coefficients is a Vandermonde determinant, which is 


V= [] (%; — %) #0 


i<j 
by the hypothesis that the roots of the characteristic polynomial are 
distinct. Hence b; = 0 for all i, thus proving the theorem. 


From Theorem 2.1 one can solve explicitly for b,,...,b, when 
Ay, ...,ag-; are given. Indeed, we have the system of linear equations 


dy = by +o + By, 
ay = b,a, + “ee + bya, 


eevee eve 


Let A be the column vector of the left-hand side, and let A!, ...,A% be 
the column vectors of the coefficient matrix on the right-hand side 


1 1 1 
ay oo) OF 
Con fii ag? 


Then 
D(A’, ...,A4) = I] (a; —_ a; ) = V. 
i<j 


By Cramer’s rule, we obtain 
b, = D(A},...,A,...,A%/V, 


where the column vector A occurs in the i-th place. 
As an application of Theorem 2.1, consider the power series 


F(T) = » a,T". 


Theorem 2.2. Assume that «,, ...,0, are distinct. Then F(T) is a 
rational function. 
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Proof. We have 


F(T) =b, Y @i TY +--+ by Y aT 


— by Sie b, 
~ 1—a,T 1—a,T 


This gives the partial fraction decomposition of F(T), showing also that 
F(T) is a rational function. 


We shall now indicate another approach, which we carry out when 
d= 2. In this case, the characteristic polynomial 1s 


P(X) = X? —u,X — u, = (X — a,)(X — a). 
Observe that one then has the factorization 
1—u,T—u,T? =(1—«4,T)(1 — «,T), 
which comes by putting X =1/T. The rational function for F(T) can 
then be written down explicitly, as the following proof will show. We 


have 


co 
F(T) =a) +a,T+ > a,T" 
n=2 
oe) 
= Ao + a,T + y (u,a,—1 + U,a,—-2)T" 
n=2 


00 00 
= Qo + a, T + uj, T y aAn-1 T"} + us T? »y an,-2 TT"? 
n=2 n=2 


dg + a,T + u, T(F(T) — ao) + u, T?F(T) 
Ay + (a, — aou,)T + u, TF(T) + u,T*F(T), 


from which we get 
F(T)(1 — u,T — u,T’) = do + (a, — dou,)T 
and so F(T) is the rational function 


Ag + (A, —AoU,)T ag + (A, — Agu,)T 


) F(T) = (l—u,T—u,T?) (1—a,T)(1—a,T) 


One can then write down the partial fraction decomposition if «, # «,, 
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namely 


1 
(2) b C 


(1—a,T)(1 aT) 1 aT 1—a,T 


We solve for b and c from the equations: 


b+c= 1, 
—a,b—a,c=0. 
Then 
(3) b=" and = ¢=—2—. 
X, — A ae — Oy 


We can invert the power series 1 — «,T and 1 —«,T by the geometric 
series: 


1 0) 00 
=) a"T and — ¥ gtT". 
1 —a,T n=0 “1 1 —a,T dX m2 


Then it is clear from (1), (2), (3) that there exist numbers b,, b, explicitly 
given in terms of u,, u,, %,, &, such that 


— n n 
a, = b,at + b, a5. 


Observe that we can also determine b,, b, in a simple way by using 
these equations for n = 0 and n = 1, in which case we get: 


do = b, + b,, 


a, = bia, + bya3. 
Solving by the high school method yields: 
by = (a2 — a, )/(4 — &) and by = (014 — a,)/(a, — &2). 


When d = 2, the Vandermonde determinant collapes to one simple factor. 


APP., §3. ANALYTIC DIFFERENTIAL EQUATIONS 

In this appendix we work out Exercises 6 and 7 of Chapter II, §6. 
Theorem 3.1. Let p be an integer = 2. Let g,, ...,gp-1 be power series 
with complex coefficients. Let dg, ...,a)-; be given complex numbers. 


Then there exists a unique power series f(T) =), a,T” such that 


D’f= Jp-1D?*f +-°°+9,Df, 
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where D is the derivative. If g,, ...,gp-1 converge in a neighborhood of 
the origin, then so does f. 


Proof. The idea is that the coefficient a, of f for n=p can be 
determined inductively from the previous coefficients a), ...,a,_,, thus 
giving the formal power series solution. Then one has to estimate to 
show the convergence. We carry this out in detail. We let Ay, Att, +065 
be unknown coefficients. Then observe that 


D°f(T) = ¥ nn—1)...(n—p + a, T™™?, 


n=p 
and therefore putting m =n — p, we get 


ie.) 


(1) D’f(T) = >) (m+ p)(m + p— 1)... (m+ 1)a,,,T”. 


m=0 


Similarly for every positive integer s with 1 < s < p—1 we have 
D*f(T) = > (k+s\(kK+s—1)...(k + Day,T* 
k=0 


It will be useful to use the notation [k, s] = (k + s)(k +s —1)...(k + 1). 
Next we write down the power series for each g,, say 


Then 


(2) gD*f(T)=YocgmT™ where Cam =D [he Saya gby 


k+j=m 


Hence once we are given do, ...,a,-, we can solve inductively for a, in 
terms of do, ...,a,,-; and the coefficients of g,, .++3Gp-1 by the formula 


Comt i ° +Cy-1m | 2S [k, s] 
(3 an = vim '' \p-im = ———— q 5D, vy 
*P [m, p] s=1 ktj=m [mM, p] ers sd 


which determines a,,,, uniquely in terms of ao, + 9Omtp-1> Ogi, 66+ 5Dg m- 
Hence we have proved that there is a unique power series satisfying the 
given differential equation. 

Assuming that the power series g,, -++59p-1 CONVerge, we must now 
prove thai f(T) converges. We select a positive number K sufficiently 
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large = 2 and a positive number B such that 

|dg|, ..., |@,-1| SK and |b, ,| < KB? for all s=1,...,p — 1 and all j. 
We shall prove by induction that for m = 0 we have 
(4) lam+p| S(p — 1)" K*K™B™. 


The standard m-th root test for convergence then shows that f(T) 
converges. 


We note that the expressions (2) for c,,, and hence (3) for a,,,, have 
positive coefficients as polynomials in ay, a,, ... and the coefficients }, ; 
of the power series g,. Hence to make our estimates, we may avoid 
writing down absolute values by replacing b,,; by KB’, and we may 
replace dy, ...,a,-, by K. Then all the values ra (m = 0) are positive, 
and we want to show that they satisfy the desired bound (4). 

Observe first that for 0 <k < mand 1 <s <p-—1 we always have 


Hence the fraction [k, s]/[m, p] will be replaced by 1 in the following 
estimates. 

Now first we estimate a,,,, with m=0. Then k+j=0, sok =j =0, 
and 


a Sy da, etsbs.s S(P — WK 


as desired. Suppose by induction that we have proved (4) for all integers 
=Q0and <n. Then, 


_ x ayesbj S(P— 1) (p ~ WK7K* BB! 


+j=n 
< (p _ 1)"*? y Kk+1 pn 
k=0 
< (p _ 11 K"t2B" 
which is the desired estimate. We have used the elementary inequality 


Kt _k™- 1 < Kk 
Rank K— 1 = 9 


which is trivial. 
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Theorem 3.2. Let g(T) be a power series. Then there is a unique power 
series f(T) such that f(T) =a,T +-°-- satisfying the differential equation 


f'(T) = g(f(7)). 


If g is convergent, so is f. 


Proof. Let g(T) = ¥. b, T* and write f(T) with unknown coefficients 
f(T) = d, a,T™. 


Then f(T) = }ma,,T"™' = (n+ 1)ay4,T". The given differential 
equation has the form 


00 


Y (n+ Vaya, T" = bo + bf (T) + bo f(T)? + °°. 


n=0 


Equating the coefficient of T” on both sides, we see that a, = by, and 
(n + Vanes = P (bo, w 22 5Dy3 Qi; 125A) 


where P, is a polynomial with positive integer coefficients. In particular, 
starting with a, = by), we may then solve inductively for a,,, in terms of 
a,, ...,a, for n21. This proves the existence and uniqueness of the 
power series f{(T). 

Assume next that g(T) converges. We must prove that f(T) converges. 
Let B, be positive numbers such that |b,| < B,, and such that the power 
series G(T) = ), B,T* converges. Let F(T) be the solution of the differen- 
tial equation 


F(T) = G(F(T)), 
and let F(T) =) A,,T”, with A, > 0 and |a,|< A,. Then 
(n + LAna1 => P (Bo, eae ,B,; A, gees An)s 
with the same polynomial P,. Hence |a,,,| << A,4,, and if F(T) converges 
so does f(T). 
Since g(T) converges, there exist positive numbers K, B such that 


lb|< KB* forall k=0,1,.... 


We let B, = KB". Then 


K 
1— BT’ 


G(T) =K ¥. B'T* = 
k=0 
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and so it suffices to prove that the solution F(T) of the differential 
equation 
K 


F(T) = pray 


converges. This equation is equivalent with 
F'(T) = K + BF(T)F'(T), 
which we can integrate to give 


F(T) = KT + py 


By the quadratic formula, we find 


1 —(1—2KBT)!? | 


F(T) = . 


KT+°- 


We then use the binomial expansion which we know converges, as 
worked out in the examples of Chapter II, §2 and §3. This proves 
Theorem 3.2. 


APP., §4. FIXED POINTS OF A FRACTIONAL 
LINEAR TRANSFORMATION 


Let M be a 2 x 2 non-singular complex matrix 


u=(% ") ad — bc #0. 
c d 


Let P(t) be its characteristic polynomial, so P(t) = det(tI — M) and 

P(t) =(t— A(t — 4’) 
where A, 4’ are the eigenvalues. We assume that 4 #1’ and c #0. Then 
M is diagonalizable, but we want an explicit way of doing this. Let W, 


W' eC? be eigenvectors belonging to the two eigenvalues. We can write 
W, W’ in the form 


Indeed, if an eigenvector had the form W = ‘(w,0), w#0, we could 
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assume w= 1. Then directly from the relation MW = AW we find c = 0 
which we have ruled out. 


Let 
s=(wewy-(" ” 
ow? Ado ay 


A. 0 


0 2 we find 


From the relation M(W, W’) = (AW, 4'W’) = (W, w( 


Thus S is a matrix which conjugates M to a diagonal matrix. 
Let zEC. For z # —d/c we define 


If z = —d/c then the above expression is not defined, but we put M(z) = 
0. If c=0 we let M(oo) = o. If c #0, we let M(co) = a/c. 
One verifies directly that if A, B are non-singular 2 x 2 matrices, then 


(AB)(z) = A(B(z)) and  I(z)=z (I = identity matrix). 
By a fixed point of M we mean a complex number z such that M(z) = z. 


Theorem 4.1. Assuming 14 4' and c #0, there are exactly two fixed 
points, namely w and w’. 


Proof. Directly from the definition, one verifies that M(w) = w and 
M(w’) = w’, so w and w’ are fixed points. Conversely, the condition that 
z is a fixed point is expressible as a quadratic equation in z, which has at 
most two solutions by the quadratic formula. This proves Theorem 4.1. 


Theorem 4.2. Assume |A| < |A'| and c #0. Let zeC and z#w. Then 


lim M*(z) = w’. 


k>a@ 
Proof. Let « = 2/2’. Then |«| < 1. We have 


A* 
s-m*s (*) = ( | so. S~1M¥S(z) = az. 


Hence lim «*z = 0 for all complex numbers z. 


k7>a@ 
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Next observe that since z#w, it follows that S~‘(z) is a complex 
number by direct computation (ie. S~*(z) # 00). We then apply the for- 
mula we have just derived to S~*(z) instead of z, and we find 

M#(z) = S(a*S~4(z)). 
Taking the limit yields 


lim M*(z) = S(O) = w’ 
ko 


thus proving the theorem. 


APP., §5. CAUCHY’S FORMULA FOR C” FUNCTIONS 


Let D be an open disc in the complex numbers, and let D be the closed 
disc, so the boundary of D is a circle. Cauchy’s formula gives us the 
value as an integral over the circle C: 


_ 1 f(z) dz 
flee) = | Z— Zo 


if f is holomorphic on D, that is on some open set containing the closed 
disc. But what happens if f is not holomorphic but merely smooth, say 
its real and imaginary parts are infinitely differentiable in the real sense? 
There is also a formula, which unfortunately is not usually taught in 
basic courses, although it gives a beautiful application of several notions 
which arise in both real and complex analysis, and advanced calculus. 
We shall prove this theorem here. We shall also mention an application, 
which occurs in the theory of partial differential equations. 
Let us write z= x +iy. We introduce two new derivatives. Let 


f(z) = fils y) + ifa( y), 


where f, =Ref and f,=Im f are the real and imaginary parts of f 

respectively. We say that f is C® if f,, f, are infinitely differentiable in 

the naive sense of functions of two real variables x and y. In other 

words, all partial derivatives of all orders exist and are continuous. We 

write f ¢ C*(D) to mean that f is C° on some open set containing D. 
For such f we define 


of 1/éef of of 1/of | .of 
foM(L iT) and at(L i), 
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Symbolically, we put 


oi é i~ and Sa3(etig 
dz 2\éx  éy 6z 2\dx dy)’ 


The Cauchy—Riemann equations can be formulated neatly by saying that 
f is holomorphic if and only if 


See Chapter VIII, §1. 
We shall need the Stokes—Green formula for a simple type of region. 
In advanced calculus, one integrates expressions 


| P dx + Q dy, 
C 


where P, Q are C®” functions, and C is some curve. The Stokes—Green 
theorem relates such integrals over a boundary to a double integral 


00 «OP 
| (QS) ave 


taken over a region B which is bounded by the curve C. The precise . 
statement is this. 


Stokes—Green Formula. Let B be a region of the plane, bounded by a 
finite number of curves, oriented so that the region lies to the left of 


each curve. Let y be the boundary, so oriented. Let P, Q have continu- 
ous first partial derivatives on B and its boundary. Then 


| pactow=[[ (2-2) aca 


It is useful to express the Stokes—Green formula in terms of the 
derivatives 0/dz and 0/0Z. Writing 


dz=dx+idy and dz = dx — i dy, 


we can solve for dx and dy in terms of dz and dz, to give 


1 
dx =3(dz+dz) and dy= 5, (42 — dz). 
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Then 
Pdx+Qdy=gdz+hdz, 


where g, h are suitable functions. Let us write symbolically 
dz A dZ = —2idx dy. 


Then by substitution, we find the following version of the Stokes—Green 
Formula: 


Remark. Directly from the definition of 0/dz and 0/0Z one verifies that 
the usual expression for df is given by 


of of |_ 
Bp ag on ay 


Consider the special case where B = B(a) is the region obtained from 
the disc D by deleting a small disc of radius a centered at a point Zp, as 
shown on the figure. 


Figure 1 


Then the boundary consists of two circles C and C, , oriented as shown 
so that the region lies to the left of each curve. We have written C, to 
indicate the circle with clockwise orientation, so that the region B(a) lies 
to the left of C;. As before, C is the circle around D, oriented counter- 
clockwise. Then the boundary of B(a) can be written 


y=C+C,. 
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We shall deal with integrals 


a2 A dZ 

Z)_————5 

D ° z— Zo 

where g(z) is a smooth function, and where z, is some point in the 


interior of the disc. Such an integral is an improper integral, and is 
supposed to be interpreted as a limit 


lim {| o(2) A dz 
a>0 J J Bia) Z— Zo 


where B(a) is the complement of a disc of radius a centered at z). The 
limit exists, as one sees by using polar coordinates. Letting z = z, + re”® 
with polar coordinates around the fixed point z), we have 


dx dy =r dr dO 
and z — z) = re’, so r cancels and we see that the limit exists, since the 


integral becomes simply 
-2i{[% ar de 
e! 


The region B(a) is precisely of the type where we apply the Stokes— 
Green formula. 


Cauchy’s Theorem for C” Functions. Let f¢C*(D) and let z, be a 
point in the interior D. Let C be the circle around D. Then 


_ i f(z)dz 1 Of dz a dz 
I(2o) = 5 ele Z— 25 


Proof. Let a be a small positive number, and let B(a) be the region 
obtained by deleting from D a disc of radius a centered at z). Then 
0f/0z is C® on Bia) and we can apply the Stokes—Green formula to 


F(z) dz 


Z—Zo 


= g(z) dz 


over this region. Note that this expression has no term with dz. 
Furthermore 
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because 1/(z — z)) is holomorphic in this region. Then by Stokes—Green 
we find 


f(z) dz | Of dz n dz 
B(a) 


c; 2— 2 cZ— 2 OZ Z— Zo 


The limit of the integral on the right-hand side as a approaches 0 is 
the double integral (with a minus sign) which occurs in Cauchy’s formula. 
We now determine the limit of the curve integral over C; on the left- 
hand side. We parametrize C, (counterclockwise orientation) by 


z=Zz,+ae®, O0<60<2az. 
Then dz = aie'® dO, so 
Since f is continuous at Z), we can write 

f(z + ae”) = f(zo) + h(a, 6) 
where h(a, 8) is a function such that 


lim h(a, 0) = 0 


a0 
uniformly in 6. Therefore 


2 


lim | 27) 4? — h(a, 0)i d0 
a 0) 


a0 Ca Z 


—2nif(zo) — lim | 
a~0O0 Jo 


= —2nif (Zo). 


Cauchy’s formula now follows at once. 
Remark 1. Suppose that f is holomorphic on D. Then 


G 
J _o 


a5 = 


and so the double integral disappears from the general formula to give 
the Cauchy formula as we encountered it previously. 


Remark 2. Consider the special case when the function f is 0 on the 
boundary of the disc. Then the integral over the circle C is equal to 0, 
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and we obtain the formula 


1 Of dz a dz 
feo)= 3 | | 2 Z— Zo 


This allows us to recover the values of the function from its derivative 
0f/dz. Conversely, one has the following result. 


Theorem. Let g € C*(D) be a C® function on the closed disc. Then the 


function 
fw) == i) 99) an de 
D 


2ni Z—w 


is defined and C™ on D, and satisfies 
of 
ag g(w) for weD. 


The proof is essentially a corollary of Cauchy’s theorem if one has the 
appropriate technique for differentiating under the integral sign. How- 
ever, we have now reached the boundary of this course, and we omit the 
proof. 


APP., §6. CAUCHY’S THEOREM FOR LOCALLY 
INTEGRABLE VECTOR FIELDS 


The main part of Chapter IV is not really a theorem about complex 
functions, but consists of a purely topological theorem as in Chapter IV, 
§3, and an application to locally integrable vector fields on an open set of 
the plane R*. We now indicate briefly this more general context in a 
precise way. 

Let U be a connected open subset of R’, and let F=(fi, fo) be a 
continuous real valued vector field on U. If F is of class C!, ie. its 
coordinate functions f|, f2 have continuous partial derivatives, and if 


Dof = Di fr, 


then it is proved in standard courses that F has a potential g on every disc 
D contained in U, that 1s a function g such that gradg=F. Cf. for 
instance my Undergraduate Analysis, Springer-Verlag (1983), Chapter XV, 
Theorem 3.3. 

Now in general, for a continuous vector field F, we define F to be 
locally integrable on U if for each point P of U there is a disc Dp 
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contained in U such that F has a potential on Dp. We let F denote such a 
vector field for the rest of this section. 

Let y, : [a1, a2] -~ U be a continuous curve, whose image is contained 
in a disc D c U such that F has a potential on D. Let P; = y,(a;), so P is 
the beginning point and P, the end point of the curve. We define 


| F = g(P2) — g(P1). 


Since a potential is uniquely determined up to an additive constant (on 
a connected open set, and D in particular), it follows that the value 
g(P2) — g(P1) is independent of the choice of potential g for F on the disc. 
If the curve y, happens to be C!, then the above value coincides with the 
value of the integral computed according to the usual chain rule. 
Suppose that y: [a, b] — U is an arbitrary continuous curve. We can 

then define the integral 

| F 

y 


just as we defined the integral of a holomorphic function. We can find a 
partition of {a, b], and a sequence of discs Do,...,D, connected by the 
curve along the partition such that each D; < U and such that F has 
a potential g; on D;. (One uses the uniform continuity of F and the 
compactness of the image of y to satisfy these conditions.) The integral is 
defined to be 


| F = S[gi(Pist) — 9:(Pi)] 
y 


Exactly the same arguments as those of the text in Chapter III, §4 show 
that this integral is independent of the choices made (partition, discs, 
potentials) subject to the above conditions. 

We can define two continuous curves y, 7 from P to Q in U to be close 
together (with respect to F’) if there is a sequence of discs as above such 
that 


y([ai, aig1]) < D; and = naj, ai41]) < Dj. 


The proofs of Theorems 5.1 and 5.2 of Chapter III are then valid in the 
present context. In particular, if two curves are close together with respect 
to F, then the integrals of F along these curves are equal. 

Furthermore, the homotopy form of Cauchy’s theorem is also valid in 
the present context, replacing the holomorphic function f by the locally 
integrable vector field F. In particular: 
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Theorem 6.1. Let U be simply connected (for instance a disc or a 
rectangle), and let F be a locally integrable vector field on U. Then F 
has a potential on U. 


Proof. This comes directly from the homotopy form of. Cauchy’s 
theorem. The potential is defined by the integral 


a(x) = | F, 


Po 


taken from a fixed point Pp in U to a variable point X. The integral may 
be taken along any continu curve in U, because the integral is 
independent of the path between Pp and X. Thus the analogue of Chapter 
III, Theorem 6.1 is valid. 


In particular, in the definition of an integral of F, one need not specify 
that F have a potential on each D,. It suffices that the discs D; be 
contained in U. 

We may now apply the considerations of Chapter IV, concerning the 
winding number and homology. Instead of df/C, we use the vector field 


ax, = (2 ~ ) 


x2 + y2’ x? + y? 


By the chain rule, using r? = x*+y?, x =rcos 6, y=rsin 6, one sees 
that 


dx +—~ — dy = dé. 


x2 + y? x2 + y2 


For (x, y) in a disc not containing the origin, G has a potential, which is 
just @, plus a constant of integration. 


Let U be a connected open set in R*. For each Pe R*, P= (x0, yo), 
we may consider the translation of G to P, that is the vector field 


Gp(x, y) = Gp(X) = G(X — P) = G(x — Xo, yV — yo). 


Then Gp is locally integrable on every open set not containing P. 
Let y: [a, b] + U be a closed curve in U. For every P not on y, the 


integral 
| 
y 


is defined, and from the definition of the integral with discs connected 
along a partition, we see that the value of this integral is equal to 2zk, for 
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some integer k. We define the winding number W(y, P) to be 


] 
Wy, P)=— , 
(y, ) an | Gp 
We are now in the same position we were for the complex integral, 
allowing us to define a curve y homologous to 0 in Uif W(y, P) = 0 for all 
points P in R?, P¢ U. 
The same arguments of Chapter IV, §3, replacing f by F, yield: 


Theorem 6.2. Let U be a connected open set in R’, and let y be a closed 
chain in U. Then y is homologous to a rectangular chain. If y is 
homologous to 0 in U, and F is a locally integrable vector field on U, 


then 
| F=0. 
y 


Proof. Theorem 3.2 of Chapter IV applies verbatim to the present 
situation, and we know from Theorem 6.1 that the integral of F around a 
rectangle is 0, so the theorem is proved. 


We also have the analogue of Theorem 2.4 of Chapter IV. 


Theorem 6.3. Let U be an open set and y a closed chain in U such that 
y is homologous to 0 in U. Let Pi,..., Py be a finite number of distinct 
points of U. Let y, (k =1,...,n) be the boundary of a closed disc Dx 
contained in U centered at P, and oriented counterclockwise. We assume 
that D; does not intersect D; if k #j. Let 


Mm = Wy, Px). 


Let U* be the set obtained by deleting P,,...,P, from U. Then y is 
homologous to )\m,y, on U*. 
Furthermore, if F is a locally integrable vector field on U*, then 


[r=dom| F 


From the above theorem, we also obtain: 


Theorem 6.4. Let U be simply connected, and let P,,...,P, be distinct 
points of U. Let U* be the open set obtained from U by deleting these 
points. Let F be a locally integrable vector field on U*. Let 
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where y, is a small circle around P;, not containing P; if j #k. Then the 


vector field 
F- S| axGp, 


has a potential on U. 


Proof. One verifies directly that 


to, if k =j, 
Gp, = 


Let y be a closed curve in U*. Then immediately from the definition of y, 
and Theorem 6.3, it follows that if we put 


n=7- > mK 


then 7 is homologous to 0 in U*. Therefore by Theorem 6.3, the integral 
of F over y is 0. By the definitions, this implies that 


| LF — > Ge, | = 0. 


Thus the integral of F — 5° a,Gp, over any closed curve in U* is 0, so by 
a standard result from the calculus in 2 variables, we conclude that 


F- So axGp, 


has a potential on U*, thus proving the theorem. 


For the “standard result’’, cf. for instance my Undergraduate Analysis, 
Springer-Verlag, Chapter XV, Theorem 4.2. 

A more complete exposition of the material in the present appendix is 
given in Undergraduate Analysis, Springer-Verlag, Second Edition (1997). 
Chapter XVI. 

Theorem 6.4 is the third example that we have encountered of the same 
type as Theorem 2.4 of Chapter IV, and Theorem 3.9 of Chapter VIII. 


Sketch of proof of Theorem 3.9, Chapter VIII. We are given / harmonic 
on the punctured open set U*. On each disc Win U*, his the real part of 
an analytic function fy, uniquely determined up to an additive constant. 
We want to know the obstruction for A to be the real part of an analytic 
function on U*, and more precisely we want to show that there exist 
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constants a, and an analytic function f on U* such that 


h(z) — Say log|z — zx| = Re f(z). 


We consider the functions fy as above. For each W, the derivative fj, is 
uniquely determined, and the collection of such functions {f;,} defines an 
analytic function f’ on U*. Let y, be a small circle around z,, and let 


l 


ay == 
21 


| 7 dt 


Let zp be a point in U* and let y, be a piecewise C! path in U* from zp to 
a point z in U*. Let 


and f(z)=| a0) db. 


k k ; 


Show that this last integral is independent of the path y,, and gives the 
desired function. Use Theorem 2.4 of Chapter IV.] 


§7. MORE ON CAUCHY-RIEMANN 


We give here two more statements about the Cauchy-Riemann equations, 
which are the heart of some exercises of Chapter VIII. 


Theorem 7.1. Let f be a complex harmonic function on a connected open 
set U. Let S be the set of points ze U such that df/0Z =0. Suppose 
that S has a non-empty interior V. Then V = U. 


Proof. From p. 92 Theorem 1.6, we know that an open subset of 
U which is closed in U is equal to U. Thus it suffices to show that V is 
closed in U. Let zp be a point in OV OU. Let h= of/0Z =u+ iv, with uy, 
v real. Since partials commute, fh is harmonic. Let Do be a disc centered 
at zy, and Dy < U. By Theorem 3.1 or 5.4 of Chapter VI, there exists 
an analytic function h; on Do with Re(h,) =u. Since zo € OV, if zo ¢ V it 
follows that Do OV is open, and u=0 on Do V. Hence fy; is pure 
imaginary constant on Do V, and therefore h; is pure imaginary 
constant on Do, so u=0 on Do. Replacing f by if, we conclude that 
vy=0 on Dp also. Hence f is analytic on Do, so Do < S and zo € V, qed. 


Of course, in the above statement, one could have assumed 0f/0z = 0 
instead of Of/dz =0. Recall the formula df/dz = 0f/0z, which shows that 
in the above situation, f, f play a symmetric role. 
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The next result has to do with the normal derivative, and extends VIII, 
§2, Exercise 5. Let f, U be open sets in R*. Let: 

f: U — V have coordinate functions satisfying Cauchy-Riemann equa- 
tions, 1.e. 


fi =Oof, and df, =—-dA fr; 


g: VR a C' real valued function on V; 
y: [a,b] + U a C! curve, so we get a sequence of maps 


[a,b] > ULV SR. 


For each function, we have its derivative at a point as a real linear map. 
The (non-unitized) normal of y is 


/ 


N, = vertical vector ( M2 ) evaluated at each te {a, DJ. 


_ayl 
1 


For any point Qe V, calculus tells us that for any vector Z € R* we have 


(grad g)(Q)-Z = 9'(Q)Z. 


The normal derivative of g along the curve f oy is by definition 


(1) Di foy)P = o(f o y)Nyoy- 


Using the chain rule, we also have 
(2) Duy (9 of) = (Gof) (YN, = OF on) f'()Ny. 


Theorem 7.2. Assume that f\, fo satisfy the Cauchy-Riemann equations. 
Then 


f'(y)N, = Npoy. 
Proof. On the one hand, writing vectors vertically, we have 


Nie = ( (f207)' _ ( Afr) + afly)r, ) 


—(fioy’) \-aAd)rt -— ahr) 


On the other hand, using the matrix representing f’ and writing y’ verti- 
cally, we get 


pron =(2h Bhi) (28) _ ((Guft aft 


Of. of2)\-y; (01/2) — (ofa) 7 


Using the Cauchy-Riemann equations concludes the proof. 
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